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Abstract 
The degradation phenomena of the materials composing thermal barrier coatings 
(TBCs) have been investigated destructively and non-destructively in this 
dissertation. In order to make a clear explanation, the degradation phenomena of 
an individual material have been investigated with mainly impedance 
spectroscopy (IS) and indentation technique. In addition, the interfacial fracture 
toughness of an air plasma sprayed (APS) TBC has been measured with a four 
point bending test.  
A cold pressed and sintered YSZ sample was first used to characterise the 
electrical and the mechanical properties of the YSZ. The logarithmic scale of the 
electrical conductivity of YSZ increases with an increase of the ratio of measured 
hardness to its Young‟s modulus (H/E) until the densification stops. The variation 
of the microstructures, eg, grain size changes the electrical properties of YSZ. 
The electrical and mechanical properties of air plasma sprayed (APS) yttria 
stablised zirconia (YSZ) thermal barrier coatings (TBCs) were determined using 
impedance spectroscopy and an indentation technique, respectively.  Upon 
thermal exprosure, sintering and phase transformation occurs in the YSZ TBCs, 
leading to changes in both the mechanical and electrical properties of the TBCs. 
After the thermal treatment, the formation of the monoclinic phase in the YSZ 
TBCs reduced the density of the TBCs and thus affected both the mechanical 
properties and conductivity of the TBCs. In this study, a relationship between the 
electrical and mechanical properties of APS TBCs has been established, allowing 
us to evaluate the properties of TBCs non-destructively with the use of 
impedance spectroscopy.  
The electrical properties of a thermally grown oxide (TGO) formed on a Fecralloy 
substrate was affected by the residual stress of the TGO layer. In addition, IS can 
distinguish the effect of grains and grain boundaries when Bode plots and 
modulus spectra, imaginary modulus M” vs real modulus M’, were used. The 
conductivity and the dielectric constant of the grains in the TGO layer decreases 
with an increase of its compressive residual stress while the dielectric constant of 
the grain boundaries is almost constant regardless of the TGO residual stress. 
The calculated dielectric constant of the grains is slightly higher while that of the 
grain boundaries is slightly lower than the literature value of the dielectric constant 
of a pure alumina.  
The interfacial fracture toughnesses of an APS TBC thermally treated at 1050oC 
for various times were characterised using four point bending tests. The 
delamination occurred primarily within the TC, just several micrometres above the 
TGO layer. The interfacial fracture toughness increases first to a maximum after a 
50h thermal treatment, and then gradually decreases with further thermal 
treatment. The increment of the interfacial toughness at the beginning of the 
thermal treatment is due to sintering while its reduction is due to the monoclinic 
phase formation during the thermal treatment. 
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Chapter 1    Introduction 
 
1.1 Development of turbine engines 
Industrial gas turbines are one of the main power generation tools and the 
demand for electricity has soared year by year. Therefore, it is necessary to 
improve the turbine efficiency of industrial gas turbines to reduce green house 
gas emission since the exhaust gas is expelled during gas turbine operations.  In 
order to achieve a high turbine efficiency, it is inevitable to increase the turbine 
inlet temperature [1, 2], which can generate more electricity with less fuel.  
However, the materials in hot section parts of industrial gas turbines with a high 
turbine inlet temperature must be durable under a hash environment such as a 
combustion temperature above 1200C, an oxidative and a corrosive gas 
atmosphere and high velocity foreign objects [3]. Thus there is a high interest in 
the industrial and scientific challenges to fabricate durable turbines and vanes 
under such an environment. The development of current gas turbines is the result 
of following three technologies [4]: i) material techniques such as material designs 
and casting technologies to fabricate large single crystal blades and vanes with 
complex internal channels, ii) cooling techniques for hot section parts including a 
design of sophisticated holes and internal channels to make an effective cooling 
airflow, iii) a thermal barrier coating (TBC) technique. The gas temperature 
capability of hot section parts has been improved for over five decades using 
these techniques as shown in Fig. 1.1 [4]. 
 
CHAPTER 1 INTRODUCTION 
 Page 20 
 
Figure 1.1 Increase in turbine airfoil temperature over the past five decades 
through combinations of materials advances and associated developments in 
cooling techniques. The shaded region has been extended to the present and the 
use of uncooled silicon nitride remains for the future [4]. 
  
These hot section parts receive a high temperature gas with a high speed stream 
and a high tensile stress due to the centrifugal force of the high speed rotation, 
therefore advanced technologies are needed and relevant materials are limited to 
fabricate blades or vanes for the harsh environment. Although Co-base 
superalloys were used as hot section parts in the first era of gas turbines in the 
1930~40‟s, Ni-base superalloys with an excellent high temperature creep strength 
have been used since the 1950‟s after a vacuum melting technique was 
developed [5]. The casting techniques matured from a conventional casting 
making equi-axed grains to directionally solidified alloys and then to single 
crystals [1]. However, it is unlikely that a further improvement will be achieved by 
only a materials development since the peak flame temperature in the 
combustors is above 2000C in current gas turbines, which is much above the 
melting point of superalloys (~1300C). Thus internal and external cooling 
systems are adopted to make hot section parts survive in such a harsh 
environment. This has been attained by developing suitable geometrical designs 
of cooling systems involving sophisticated holes which can make a cooling film on 
CHAPTER 1 INTRODUCTION 
 Page 21 
the surface of hot parts. However, a cooling system diminishes the overall turbine 
efficiency and increases the fabrication cost of the engines [6]. Although 
alternative technologies are the replacement by ceramic materials such as a 
silicon nitride, there still remain some problems such as reliability of mechanical 
properties and processing techniques of ceramics. 
One of the most effective techniques is the usage of a TBC system. The primary 
function of a TBC is to provide a low thermal conductivity barrier to heat transfer 
from the hot gas in the engine to the surface of the coated alloy components [7, 8].  
The use of TBCs combined with the internal and external cooling systems enable 
a dramatic reduction in the surface temperature (more than 500C) of hot parts in 
the engine [7, 9]. These techniques enable a modern gas turbine to operate at a 
gas temperature above the melting point of blades. Subsequently, the 
employment of TBCs also prevents the blades from corrosive hot gas attack and 
foreign object damage, diminishes the thermal distortion of blades by removing 
the local thermal gradients and simplifies the design of blades. However, 
undoubtedly the biggest benefit of TBCs has been to extend the life of hot parts in 
the engine by reducing their surface temperature [10]. 
1.2 Thermal barrier coatings  
As schematically shown in Fig. 1.2, the modern thermal barrier coating systems 
are multi-layered microstructures [11]. They typically consist of a top insulation 
ceramic coating made of an yttria stabilised zirconia (YSZ) and a metallic bond 
coat (BC) deposited on a Ni-base superalloy substrate. During exposure to a high 
temperature, a thermally grown oxide (TGO) layer mainly composed of alumina 
forms between the YSZ, which is the top coat (TC) in TBC systems, and the BC 
due to a high temperature oxidation of the BC [12, 13]. The BC provides the strain 
tolerance between the YSZ TC and the Ni-base superalloy substrate. During gas 
turbine operation a TGO layer forms between the YSZ TC and the BC due to the 
oxidation of the BC since the YSZ TC allows the diffusion of oxygen [14].  Since 
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TBCs are used as hot section parts, the thermal barrier coated components must 
be stable in the harsh environment such as extreme high temperature, thermal 
cycling, and stress conditions for a long time. 
 
 
Figure 1.2 Cross sectional microstructure of a TBC system involving external hot 
gas and internal cooling air. A schematic diagram of the temperature reduction 
profile is superimposed on the microstructure. The turbine blade contains internal 
hollow channels for air-cooling [11]. 
 
Although TBCs have successfully been used in aero-engines and industrial gas 
turbines in the past decades, a premature spallation failure during high 
temperature operation, which can directly reveal the metallic substrate to the hot 
gases, is still an overriding concern. Since the duration and the failure mechanism 
of TBCs depend not only on the deposition processes, such as an air plasma 
sprayed (APS) coating or an electron beam physical vapour deposited (EB-PVD) 
coating and the deposition conditions such as the deposition power or the 
deposition distance, but the thermal load conditions such as the heating and 
cooling rates or the frequency of the thermal cycles, the safe service of TBCs has 
to rely on an empirical service life prediction [15]. Therefore, in order to predict the 
residual life of TBCs and guarantee the safe service of gas turbines, a reliable 
non-destructive evaluation (NDE) technique and a knowledge of how the 
adhesive strength in the TBC system would qualitatively degrade during the 
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service are required.  
However, no single NDE technique has been able to predict the remaining lifetime 
of TBC systems, the concerns about TBC systems which may delaminate during 
a gas turbine operation have not been solved. Therefore, not all the potential 
advantages of TBC systems are used by users of gas turbine engines. Since it is 
inevitable that the characteristics of TBC systems change and generate a residual 
stress in TBC systems due to the change of the TBC microstructures in the high 
temperature environment [16-20], a basic understanding TBC degradation is 
required to make more use of the potential advantages of TBC systems. Thus, 
the goal of this dissertation is to investigate the degradation of APS TBC systems, 
including the materials composing the TBC systems, with destructive and 
non-destructive evaluations quantitatively.   
1.3 Goals of the dissertation 
Since the microstructures and the characteristics of TBC systems are changed 
under a gas turbine operation, the stress situation in the TBC systems is also 
changed. The failure of TBCs typically occurs at or near the TGO layer. The 
failure of TBCs is primarily driven by the strain energy in the TC/TGO bilayer and 
resisted by the TC/TGO interfacial toughness [21-23]. Therefore, all studies 
carried out in this dissertation are related to the degradation phenomena of the 
materials composing TBC systems.   
In Chapter 2, a description of materials issues involved in the state-of-art and next 
generation TBC systems are reviewed, highlighting the current understanding of 
failure mechanisms, together with challenges and prospective in TBCs research 
and development, followed by Chapter 3, which gives the experimental detail.   
Since many researchers have evaluated the APS YSZ TCs measuring their 
mechanical properties, such as the elastic modulus [24, 25], and their electrical 
properties, such as impedance [26, 27], it is of special interest to recognise the 
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relationship between the mechanical properties and the electrical properties of 
YSZ.  Therefore, in Chapter 4, the relationship between the mechanical 
properties and the electrical properties of a cold pressed and sintered YSZ 
powder is initially investigated. Based on the understanding in Chapter 4, this 
relationship was further developed to characterise the phase transformation in 
free standing APS YSZ top coats (TCs). (Chapter 5) Impedance spectroscopy 
can detect the TGO layer easily since the electrical properties of the TGO are 
quite different from that of the other layers in TBCs [28]. The residual stress in the 
TGO layer is changed during a thermal load [29]. Therefore, the effect of the 
stress must be taken into account when the TBC systems are evaluated through 
the impedance of the TGO layer. In Chapter 6, the effect of a residual stress on 
the electrical properties of the TGO layer is investigated with an alumina scale on 
a Fecralloy substrate (a simplified alumina/metallic bilayer system). Based on the 
understanding in Chapter 4~6, which has investigated the degradation 
phenomena of the individual materials composing APS TBC systems during high 
temperature treatments, the degradation phenomena of the adhesive strength in 
a TBC system are quantitatively investigated with four point bending tests 
(Chapter 7). Finally, the dissertation closes with some concluding remarks and 
suggestion for future work (Chapter 8). 
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Chapter 2    Literature review 
 
2.1 The thermal barrier coating systems 
2.1.1 Structure of thermal barrier coating system 
 
Modern TBCs are required not only to suppress heat transfer using a low thermal 
conductivity coating but also to protect engine components from oxidation, hot 
corrosion and foreign object damages. Therefore, no single coating composition 
enables one to achieve these multi-functions. As a consequence a TBC must be 
a multi-layer coating system. A thermal insulation coating system has four primary 
constituents as shown in Fig. 2.1: i) the top insulation ceramic coating (TC), ii) the 
superalloy substrate, iii) an aluminium-containing BC between the top insulation 
coating and the substrate, iv) a TGO layer between the TC and the BC, which is 
formed due to the high temperature oxidation of the BC. Among these multi-layers 
only the TC provides an insulation function, but all the layers inter-react with each 
other during gas turbine operations, meaning for instance the components in the 
BC diffuse to the substrate and the TGO [30] or the formation of the TGO affects 
the stress situation in the TBC systems [31, 32].  
 
 
Figure 2.1 Typical TBC system: material selection and function [6]. 
Material TBC system Function 
ZrO2+(6-8)%Y2O3 
Al2O3 
MCrAlY(-20Cr-12Al) 
or aluminides 
Ni-base 
superalloy 
(-8Cr-5Al) 
thermal insulation 
oxidation barrier 
bonding of TBC/oxidation 
thermo-mechanical 
loading 
TC 
TGO 
BC 
substrate 
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The primary function of TBCs is to protect the surface of the coated alloy 
components from the hot gas in the engine therefore the TCs must have a low 
thermal conductivity. Furthermore, since real industrial gas turbines are frequently 
switched on and off, TBCs are normally exposed to thermal cycling conditions, 
thus the thermal expansion coefficient of the TC must be close to that of the 
Ni-based superalloy and the BC. Among several kinds of high temperature 
ceramics YSZ has both characteristics, which are a low thermal conductivity and 
a similar thermal expansion coefficient to a Ni-based superalloy (Fig. 2.2). 
Therefore, YSZ has been used as the preferred material for the insulation top 
coat [33-35].  
 
 
Figure 2.2 Cross plot of the thermal expansion coefficient and the thermal 
conductivity of the major material constituents in a TBC system [21].  
 
Because TBCs are used under high temperature environments involving thermal 
cycling for a long time, the materials in TBC systems must be stable during gas 
turbine operations. Therefore, pure zirconia can not be used practically due to its 
phase transformations upon thermal cycling [36]. Under equilibrium, a pure 
zirconia forms three different phases in different temperature ranges: monoclinic 
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(m) up to 1170C, tetragonal (t) from 1170C to 2370C, and cubic (c) from 
2370C to its melting point 2680C as shown in Fig. 2.3 [37]. A 4-6 % volume 
expansion occurs when the t phase transforms to the m phase upon cooling down 
from high temperature [38]. One way to avoid this disruptive phase transformation 
is to add different elements such as Y, Mg, Ca or Ce, which are a different valence 
to Zr, to stabilise the c phase. In the current day yttria-stabilised zirconia involving 
7-9 mol% YO1.5 (6-8 wt% YSZ) is the most widely investigated and is actually 
used as a top insulation coating in gas turbines.  Since an APS is a high-rate and 
a non-equilibrium process due to the rapid solidification, the YSZ deposited using 
an APS process consists of a metastable tetragonal-prime (t’) structure rather 
than the stable t phase [39, 40]. The t‟ phase is Y-supersaturated t phase formed 
by a diffusionless transformation resulting in a high defect concentration. The t’ 
phase transforms to the c phase and the t phase, and then the t phase transforms 
to the m phase upon cooling [41].  This complex phase transformation process 
and the complex microstructure of the t’ phase, such as twins, can help the 
resistance to the propagation of cracks.  Although the formation of the t’ phase is 
inevitable using a plasma spray process, as a consequence the t’ phase 
formation is one of the advantages to prolong the coating life [42]. 
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Figure 2.3 The zirconia-rich corner of the ZrO2-YO1.5 binary phase diagram. The 
current YSZ TC composition and temperature ranges operated in gas turbines 
are shown by hatched area. The t’ phase is meta-stable within the To bounds 
shown as dashed lines superimposed on the phase diagram [4].  
 
The low thermal conductivity of a bulk YSZ results from a low intrinsic thermal 
conductivity of the zirconia and phonon scattering defects are introduced by the 
addition of yttria [43, 44]. Since the yttria additions create oxygen vacancies to 
maintain the electrical neutrality of the ionic lattice and both yttria solutes and 
oxygen vacancies are effective phonon scattering sites, the thermal conductivity 
is reduced with the yttria content up to 17 mol% as shown in Fig. 2.4 [43, 44].  
However, the thermal conductivity increases with yttria content when it is higher 
than 17 mol% due to an interaction among the oxygen vacancies [43].   
 
CHAPTER 2  LITERATURE REVIEW 
 Page 29 
 
Figure 2.4 Thermal conductivity of YSZ as a function of yttria content, after Bisson 
et al. [43]. 
 
The TGO is an important component of the TBC system since the growth of the 
TGO affects the TBC durability. The material of the insulation top coating, YSZ 
deliberately contains interconnected porosities in order to diminish the apparent 
Young‟s modulus for a high strain tolerance and to reduce the thermal 
conductivity but these porosities also allow oxygen to permeate at high 
temperature. A dense YSZ is also permeable to oxygen at high temperature 
therefore the oxidation of metallic bond coats is inevitable during gas turbine 
operation [45]. Thus, an oxidation resistant layer is required to slow the TGO 
growth. This layer also must be stable and keep strong adhesive strength with the 
BC for a long time in a high temperature environment to avoid the delamination of 
the TC. The TGO mainly consists of a dense -alumina [46], however one of the 
candidate oxidation resistant materials is -alumina, which is the same material 
as the TGO, due to its low diffusivity, stability at high temperature and an excellent 
adhesion with the metallic bond coat [47, 48]. Since the thermal expansion 
coefficient of YSZ TC, alumina and the BC is significantly different, a huge 
thermal misfit stress is induced into or near the TGO layer upon thermal cycling 
[49]. These residual stresses are a primary cause for the premature delamination 
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of the TC. 
The purpose of the BC is to provide high adhesive strength between the TC and 
the metallic substrate and to protect the substrate from oxidation. There are 
mainly two categories for BC alloys: one is a M-CrAlY alloy (M expresses Ni 
and/or Co), typically deposited by a vacuum plasma spray (VPS) to avoid the 
formation of oxide in the BC during the plasma spray process. It normally consists 
of two phases: -NiAl and either ‟-Ni3Al or -Ni [50, 51]. This type of BC usually 
involves other elements such as Y and Zr as the „reactive elements‟ to improve 
the TGO/BC adhesion, which primarily act as getter sites for sulphur [52]. 
However, since the aluminium content in this type of superalloy is not enough to 
keep the formation of only protective alumina, disruptive oxides such as NiO, 
Cr2O3 and Ni(Cr,Al)2O4 are also formed due to an aluminium depletion [53, 54]. 
Although a greater aluminium source can be kept in a thicker BC, the BC itself is 
too brittle and low in strength to use as the substrate, therefore the relevant 
thickness of the BC is empirically 50-100 m [55]. Therefore, a Pt modified NiAl is 
considered as an alternative BC [56, 57]. In this BC, Pt is electrodeposited onto 
the superalloy component and then the specimen is annealed in an 
aluminium-rich vapour atmosphere. Upon the annealing aluminium diffuses into 
the surface of the alloy and reacts with the nickel diffusing out from the superalloy 
and platinum, whereupon a PtNiAl aluminide is formed. The major parts of this 
type of BC consist of -NiAl phase with a solid solution of PtNiAl [58]. Recently, a 
Pt-enriched Ni phases +‟ bond coat has been developed by electroplating Pt 
onto the superalloy, followed by a diffusion treatment [59]. The advantages of a 
Pt-enriched +‟ bond coat are a higher creep and yield strength [60], better 
compatibility with the superalloy [61] and a cheaper process cost due to 
eliminating the aluminising step than -(Ni,Pt)Al type BC.   
2.1.2 TBC deposition techniques 
 
There are basically two main techniques to deposit TBCs: air plasma spray (APS) 
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and electron beam physical vapour deposition (EB-PVD). APS has been widely 
applied to produce TBCs on hot components since the 1960s [62].  A schematic 
illustration of an APS device is shown in Fig. 2.5.a. A high temperature (around 
10000C) plasma flame is generated with an electric arc and ionised argon gas, 
which allow the melting of any material but does not decompose or vaporize 
excessively since the materials are in the high temperature plasma for a very 
short time (around several micro-seconds) [63]. Plasma spraying basically 
consists of the injection of powders into a plasma jet, where they are melted and 
accelerated, and directing the stream of molten particles onto a substrate where 
they form a coating as they spread and solidify. Since the plasma sprayed coating 
is bonded with the substrate due to only the mechanical anchoring effect, the 
surface of the substrate before the deposition must be roughened [64]. YSZ TC 
deposited with an APS has a typical lamellar structure due to the splats of YSZ 
powder particles to the substrate and a columnar structure in each lamella owing 
to the rapid solidification as a result of the plasma spray process as shown in Fig. 
2.6 [65]. The APS YSZ TCs intentionally include 10-20 % porosity to reduce both 
the elastic modulus, which is for a high strain tolerance, and the thermal 
conductivity. Since the direction of porosities and cracks is approximately 
perpendicular to the thickness and the heat flow direction due to inter-lamellar 
particles, this microstructure helps give a dramatic reduction in the thermal 
conductivity of the TCs [44, 66]. 
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Figure 2.5 (a) Schematic illustration of air-plasma spray (APS) and (b) electron 
beam physical vapour deposition (EB-PVD) systems. 
 
EB-PVD technology emerged in the 1980s [2]. During an EB-PVD process a high 
energy electron beam melts and evaporates a ceramic source ingot in a vacuum 
chamber (Fig. 2.5.b). During evaporation the ingots are bottom-fed into the 
crucibles to ensure a continuous growth of the ceramic coating. Preheated 
substrates are positioned in the vapour cloud and the vapour is deposited onto 
the substrates at deposition rates of 4~10 m/minute. To achieve defined 
stoichiometry of the zirconia a controlled amount of oxygen is bled into the 
deposition chamber [6]. A YSZ TC prepared with an EB-PVD has a typical 
columnar structure with feather-like fine branch crystals on each column as 
(a) APS 
(b) EB-PVD 
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shown in Fig. 2.7 [67]. The thermal conductivity of YSZ TCs deposited with an 
EB-PVD (~1.5-1.9 W/mK) is higher than that of APS YSZ TCs (~0.8-1.1 W/mK) 
because inter-columnar channels are parallel to the heat flow. The EB-PVD 
coating technique does not block cooling holes to make a cooling film on the 
surface of the blade, which is an advantage for cost and time saving in the entire 
process [33], while the deposition rate of EB-PVD is lower than that of APS.   
Although the processing cost of EB-PVD is more expensive than that of APS, the 
TCs deposited with EB-PVD have better strain tolerance due to the unique 
columnar structure than APS TC, having porosities and micro-cracks, meaning 
TCs deposited with an EB-PVD have better function ability for thermal cycles than 
APS TC [68, 69]. The TBC deposition area in industrial gas turbines is larger than 
that in aero-engines. Aero-engines are frequently ignited and extinguished in 
taking off and landing, respectively, resulting in making frequent thermal cycles, 
while industrial gas turbines in electric power plants are usually used for a long 
time continuously with less frequent thermal cycles. Therefore, in order to save on 
fabrication costs an EB-PVD is the relevant technique to make TCs in 
aero-engines with frequent thermal cycles while APS TCs are suitable for 
industrial gas turbines. However, EB-PVD is currently used to make TCs also in 
industrial gas turbines to improve the turbine efficiency and the coating durability 
[70, 71]. 
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Figure 2.6 (a) Cross sectional image of a TC deposited by APS. The plate-like 
porosities are evident in the YSZ TC as the dark areas. (b) Fracture surface of an 
APS TC. The penny-shape splashed powder particles, inter-splat boundaries, 
and columnar grains in the splashed powder particles are obvious in the TC [65]. 
 
  
Figure 2.7 (a) Cross sectional image of a TC deposited by EB-PVD, showing a 
typical columnar structure. (b) Fracture surface of a TC deposited by EB-PVD, 
showing typical feather-like branches on columnar grained YSZ TC. [67] 
 
2.2 Failure mechanisms of TBCs 
In TBC systems, a huge compressive stress is generated in the TGO upon 
cooling to ambient temperature due to the large difference of the thermal 
expansion coefficient between the TC, the TGO and the metal. The residual 
stress in the TGO at ambient temperature measured by X-ray diffraction (XRD) 
[72] and photoluminescence piezospectroscopy (PLPS) [73-76] is in the range 
between 2 and 6 GPa, which is due to the thermal expansion misfit stress, while 
the growth stress, which is formed at high temperature, measured by a high 
(a) (b) 
(a) (b) 
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temperature XRD is less than 1 GPa [72]. The residual stress in the TGO is 
thought to play an important role in TBC‟s failure. However, the measured TGO 
residual stress is smaller than the theoretical stress calculated from only the 
thermal expansion misfit but beyond the yield stress of the BC. In order to 
alleviate the large residual stress, the TGO expands its length though 
out-of-plane displacements, where upon the TGO rumples [77, 78]. This 
phenomenon is exclusively important in TBCs deposited by EB-PVD since the 
TC/BC interface is originally flat, thereafter the rumpling in the TGO occurs upon 
thermal loads, whereas the TC/BC interface in an APS TBC is already rough even 
in the as-sprayed condition, to create a mechanical anchoring effect between the 
TC/BC interface with a plasma spray process. Therefore, the TGO rumpling in the 
APS TBCs is not as obvious as that in TBCs deposited by EB-PVD, although the 
TGO rumpling and the TGO stress relaxation occur even in APS TBCs during 
thermal cycling. The main locations of the spalling in TBCs deposited by an 
EB-PVD are the TGO/BC interface [79] and the YSZ/TGO interface [80] caused 
by the TGO rumpling. Since sulphur segregation reduces the TGO/BC interfacial 
toughness [81-83], the sulphur content in the BC must be restricted in a TBC 
system deposited by EB-PVD.   
The failure mechanisms of TBCs can not be explained with only a single theory, 
which depends not only on the compositions and the microstructures of the TBC 
systems but the conditions of the processing and the thermal load, and the fuel of 
the gas turbine. The following three mechanisms are widely considered as the 
main reasons for the degradation and failure of APS TBCs. 
2.2.1 TGO growth 
Since oxygen diffuses through the YSZ TC to the TC/BC interface to react with 
components in the BC, oxidation products of these components in the BC are 
formed between the TC and the BC. Aluminium oxide is preferably formed since 
the standard free energy of alumina formation is the lowest among the oxidation 
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products of the BC components [84]. The growth of the TGO is controlled by a 
diffusion mechanism, therefore the growth rate of the TGO basically follows a 
parabolic function with the oxidation time up to spalling [85] as given by:  
                   tkh o2
2                                      (2-1)        
where h is the TGO thickness, ko the parabolic rate constant, and t time. The TGO 
formation generates a residual stress in the TBC system, which is the driving 
force to cause the TBC failure. 
There are four primary failure mechanisms in APS TBCs that are driven by the 
out-of-plane stresses due to the TGO growth, shown in Fig. 2.8 [29, 86, 87]. The 
stresses at the BC/TGO interface are tensile at the ridges and compressive at the 
valleys [88]. As the TGO thickens, the tensile stress increases, which causes 
cracking at the BC/TGO interface at ridges (mechanism I in Fig. 2.8) [89, 90]. The 
thermal expansion mismatch between the YSZ TC and the metal (the BC and the 
substrate) puts the TC in overall compression at room temperature. However, 
these stresses are an order of magnitude lower than the residual stress in the 
TGO.  The out-of-plane tensile stress at the ridges in the vicinity of the TC/TGO 
interface owing to the rough TC/TGO interface causes fracture along the TC/TGO 
interface at the ridges (mechanism II in Fig. 2.8) and cracking within the brittle TC 
in the vicinity of the ridges (mechanism III in Fig. 2.8) [29, 87]. As the TGO 
thickens, the thermal stresses are locally dominated by the thermal expansion 
mismatch between the TGO-BC “composite” asperity, rather than just the TC and 
the BC. Beyond a certain TGO thickness, the thermal expansion coefficient of the 
TGO-BC composite becomes lower than that of the TC and the BC, which 
reverses the nature of the stresses in the TC undulation valleys from compression 
to tension [29, 91]. This reversal causes cracking of the TC in the valleys between 
the ridges (mechanism IV in Fig. 2.8) [29]. These cracking scenarios are 
theoretically identified using modelling [23, 87-89, 91].   
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Figure 2.8 (A) Schematic diagram showing the four different cracking 
mechanisms in an APS TBC. (B) Cross-sectional SEM of a failed APS TBC 
showing the various cracking mechanisms illustrated in (A) [11]. 
2.2.2 Variation of TGO compositions 
Since APS TBCs without a thermal treatment do not involve a TGO, the initial 
TGO is composed of not only alumina but Zr, Y and Ni(Cr) mixed oxides during 
the initial thermal treatment. Thereafter, the mixed oxides are reduced and only 
aluminium is oxidised, therefore pure alumina is preferentially formed as the TGO 
because alumina is the most stable oxide among the oxides of the BC 
components. Aluminium oxide occurs as three phases, ,  and , which 
transform →→ upon heating [92-94]. Since the  phase is stable in the 
temperature range used in gas turbines, these transformations are inevitable [21, 
92]. Although the → phase transformation is not detrimental, the → 
transformation induces an additional stress due to the volume change [95]. After a 
long time thermal treatment at a high temperature, since the aluminium 
component has been consumed to form the alumina, the activity coefficient of 
aluminium decreases below that required to generate additional pure alumina, 
resulting in the formation of the oxides of other elements in the BC. These oxides 
including a spinel phase which is normally formed between the TC and the 
alumina, and a porous layer, therefore these oxides degrade the adhesive 
strength between the TC/alumina interface and shorten the TBCs life [96-98]. 
Formation of a spinel phase during oxidation can be explained by the 
thermodynamic stability diagram of the Ni-Al-O system at 1000C. As shown in 
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Fig. 2.9 [21, 58], the equilibria described in the diagram are as follows:  
Line (1) represents alumina in equilibrium with the Ni-Al alloy through the 
reaction:   
       2Al (alloy) + 3O = Al2O3                              (2-2a)  
Line (2) refers to NiAl2O4 in equilibrium with the alloy via the reaction:  
       Ni (alloy) + 2Al (alloy) + 4O = NiAl2O4                  (2-2b)   
Line (3) is for NiO in equilibrium with the alloy:  
       Ni (alloy) + O = NiO                                  (2-2c)  
The junction of line (1) and (2) is a three phase equilibrium:  
       3Ni (alloy) + 4 Al2O3 = 3 NiAl2O4 (spinel) + 2Al (alloy)     (2-2d)  
And the junction of line (2) and (3):  
      3Ni (alloy) + NiAl2O4 (spinel) =4NiO + 2Al (alloy)          (2-2e) 
 
Figure 2.9 The thermodynamic stability diagram [21, 58]. 
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When the activity of Al, Al, in the alloy is larger than 10
-17, the reaction (2-2a) 
dominates, therefore Al2O3 is formed as a TGO [58]. Since Al in the alloy is 
consumed to form Al2O3, Al is reduced with a decrement of Al content, and the 
activity of oxygen, O, increases along the line (1) until the junction of line (1) and 
line (2) in Fig. 2.9, resulting in conversion from Al2O3 to NiAl2O4 (spinel) through 
the reaction (2-2d). This requires that Al must be less than 10
-17. The formation of 
the spinel is detrimental to the interfacial toughness of the TBC system. The 
reaction (2-2c) never occurs for a practical bond coat. 
2.2.3 The sintering and phase transformation of a YSZ top coat 
Porous ceramics will densify to reduce the surface energy associated with excess 
area of the pores under a high temperature environment. This phenomenon is 
commonly referred to as sintering. Also a porous YSZ TC starts densification at 
higher than 1150oC [24, 99]. Although the temperature at the TC/BC interface is 
normally lower than 1150oC due to the insulation effect of the TC, the surface of 
the TC is much higher than 1150oC, and the greater is the TC thickness, the 
higher temperature is the TC surface [7]. Thus, it is inevitable that sintering will 
occur during gas turbine operation. There are two principal concerns about 
sintering: One is the enhancement of the Young‟s moduli due to the 
disappearance of pores in the TC [24, 100]. Due to a different thermal expansion 
coefficient in the TBC system a residual stress is generated in the TC, the TGO 
and the substrate upon thermal cycling. Therefore, a lower Young‟s moduli and 
porous microstructures are effective to avoid residual stress accumulation. Thus 
sintering and the increase in the elastic moduli in the TC results in a strain 
tolerance deterioration of the TC. Another is an increase in the thermal 
conductivity due to the decreased volume fraction of porosity, which is 
undesirable for a thermal insulation coating [101-103]. 
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Two phase transformations in APS TC occur upon thermal treatment. The 
as-sprayed YSZ TCs mainly consist of the metastable t’ phase due to the rapid 
solidification of YSZ powder particles during the plasma spray process [39, 40].  
The t’ phase transforms to the t phase with 4wt% Y2O3 and the c phase with 14 
wt% Y2O3 to realise the equilibrium phases predicted by the ZrO2-Y2O3 phase 
diagram shown in Fig.2.3, that is, one of these phase transformations is t’→t+c, 
which is not destructive. The t phase transforms to the m phase upon cooling if 
TBCs are heated at higher than 1400C [104]. That is another phase 
transformation t→m, which is undesirable. The transformation of t→m induces 
martensitic formation and a significant, 4-6 % volume, expansion of the YSZ, 
which causes cracking in the YSZ [38, 105]. Therefore, the m phase has lower 
fracture toughness than the t phase [105]. 
2.3 Non-destructive evaluation of TBC degradation 
The insulation ceramic top coat may delaminate from the metallic bond coat 
during gas turbine operation due to an interfacial thermal and mechanical 
discontinuity as described in Section 2.2 [70]. If the insulation top coat 
delaminates in the high temperature environment, the metallic bond coat is 
directly revealed to the hot gas, causing it to melt the substrate and eventually the 
TC delamination may destroy the whole gas turbine system catastrophically.  
Therefore, when TCs delaminate, the TBC life is generally over. However, due to 
the high fabrication cost of turbine blades it is not realistic that all blades can be 
replaced by new ones after a short time operation for safety. Therefore, users of 
gas turbines want to use turbine blades until just before the end of the TBC life to 
avoid unnecessary cost and danger. Thus, it is of special industrial interest to 
recognise the remaining lifetime of TBC systems non-destructively. However, no 
single technique has been established to satisfy the non-destructive evaluation 
(NDE) demand of TBCs. Among a number of investigations of NDE techniques, 
impedance spectroscopy (IS), photoluminescence piezospectroscopy (PLPS) 
CHAPTER 2  LITERATURE REVIEW 
 Page 41 
and infrared thermal wave imaging (TWI) are the widely used and most promising 
techniques to predict the TBC residual life non-destructively. 
2.3.1 Impedance spectroscopy (IS) 
Impedance spectroscopy (IS) has been used for several decades to investigate 
electrochemical kinetics and the electrical behaviour of solid materials [26, 
106-108]. Since the work of Bauerle [109] it has been realised that the grain (g) 
and grain boundary (gb) effects from a polycrystalline electrolyte and an 
electronic ceramic can be separated in an impedance spectrum. Therefore IS is a 
powerful tool to recognise microstructures of polycrystalline YSZ.  
IS is a specific branch of the tree of electrical measurements. The impedance 
using an alternating current (AC) is a more general concept than the resistance 
using a direct current (DC) since it takes phase differences into account. When a 
monochromatic signal )sin()( tVtv m  , involving the single frequency


2
f , is 
applied to a cell and results in a steady state current )sin()(   tIti m , the 
impedance is defined as 
)(
)(
)(
ti
tv
Z  . Here,  is the phase difference between 
the voltage and the current, and  is the phase angle speed of the AC voltage.  . 
The current response from a pure resistor is in the same phase as the applied 
potential signal, while the current response from a pure capacitor leads by a 
phase difference of 90o from the applied potential signal. The current response 
from any circuit is generally composed of both a resistor and a capacitor therefore 
the phase difference is generally in between 0~90o. Thus, impedance can be 
usually expressed by a vector quantity, "')( jZZZ  , where Z‟ is the real part of 
the complex, Z” is the imaginary part of the complex, and )
2
exp(1
j
j  .  
Impedance can be plotted with a planar vector in a right-hand orthogonal system, 
as shown in Fig. 2.10 [110]. Here the two rectangular coordinate values are:  
CHAPTER 2  LITERATURE REVIEW 
 Page 42 
           )c o s (' ZZ    and    )sin(" ZZ            (2-3) 
with a phase angle:  
        )
'
"
(t a n1
Z
Z                                   (2-4)  
and a modulus:  
        22 )"()'( ZZZ                               (2-5)  
 
Figure 2.10 The impedance Z plotted as a planar vector using rectangular and 
polar coordinates. 
Conventional IS consists of the measurement of Z as a function of f or  over a 
wide frequency range. There are different ways to express impedance data.  
„Nyquist plots‟ and „Bode plots‟ are most frequency used. A „Nyquist plot‟ is a 
complex plane plot in which impedance data is plotted in a complex plane with 
real and imaginary coordinates. A „Bode plot‟ is the total impedance, |Z|, and the 
phase angle, , as a function of the frequency, f. The plots of log |Z| vs. log f and  
vs. log f are also called „Bode plots‟. Fig. 2.11 gives schematic diagrams of a 
Nyquist plot and a Bode plot. Nyquist plots and Bode plots normally show more 
than one semi-circle and relaxation peak, respectively, as discussed below. 
Y axis 
X axis 
Z‟ 0 
Z” 

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Figure 2.11 Schematic diagram of (a) a Nyquist plot and (b) a Bode plot. 
The equivalent circuit in a homogeneous single crystal can be represented by a 
resistor (R) in parallel with a capacitor (C), R//C circuit. Its impedance can be 
calculated from [111, 112]: 
      
2)(1
'
RC
R
Z

                                 (2-6)  
      
2
2
)(1
"
RC
CR
Z



                                 (2-7)  
From Eq. 2-6 and Eq. 2-7, we can deduce Eq. 2-8 as shown in Appendix A: 
     222 )
2
()"()
2
'(
R
Z
R
Z                            (2-8)  
So that, a Nyquist plot gives a semi-circular arc with a diameter of R and a centre 
located at (
2
R
, 0). When Z” reaches the maximum value, 
2
R
, the =RC 
corresponds to the relaxation frequency, frelax. This situation is only for ideal 
materials, often the Nyquist plot is not a full semi-circle but a depressed one with 
the circle centre below the horizontal axis in many cases. In this case, the use of a 
capacitor in the R//C circuit can not represent the electrical behaviour of the 
material, which normally has some chemical inhomogeneity and geometrical 
non-uniformity. Therefore, a constant phase element (CPE) should be used to 
model this deviation instead of an ideal capacitance element in the equivalent 
Z‟ 
Z” 
log f 

(a) (b) 
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circuit. In general, a CPE is associated with chemical inhomogeneity and 
geometrical non-uniformity, which cause a frequency dispersion. The impedance 
of a CPE, ZCPE, is given by [110]: 
    
nCPE jA
Z
)(
1

                                  (2-9) 
where A is a parameter independent of the frequency. When the exponential 
factor n=1, the CPE functions as an ideal capacitor and A is equal to the 
capacitance, C.  When n=0, the CPE acts as a pure resistor. Normally, n is 
between 0 and 1, meaning a non-ideal capacitance response. In this case, A can 
not be used as the capacitance of the system. Here, we adopt an equivalent 
capacitance, C, which may be acquired by [113]:  
           nn
n
ARC
11
                            (2-10)  
where R is the resistance. 
Materials with different microstructures and compositions have different dielectric 
properties which are represented by different semi-circles in Nyquist plots, and 
these materials, having different dielectric properties, contribute different 
relaxation peaks in  vs. log f type Bode plots [28]. Impedance spectra of 
poly-crystalline materials can be fitted by an equivalent circuit in which each part 
corresponds to each element in a material [114]. In a YSZ poly-crystalline material, 
gbs act as barriers to the transport of charge carriers, therefore gs and gbs have 
different dielectric properties [115]. Since a conductive electrode such as platinum 
or silver is normally painted on the surfaces of the samples to measure 
impedance, the electrode effect is also drawn in Nyquist plots and Bode plots as a 
semi-circle and a peak, respectively. Therefore, an equivalent circuit consisting of 
three R//CPE elements as shown in Fig. 2.12 has been used to fit the impedance 
spectra of a poly-crystalline YSZ with a conductive electrode cell since 
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poly-crystalline YSZ including APS TBCs consist with grains and grain 
boundaries. Consequently, three semi-circles and three peaks corresponding to g, 
gb and the electrode effect can be normally seen in Nyquist plots and  vs. log f 
type Bode plots, respectively, when a poly-crystalline YSZ is measured with IS 
[116]. 
 
 
Figure 2.12 An equivalent circuit for a poly-crystalline material cell. 
 
Ogawa et al. [117] were the first to use IS to study the degradation of APS TBCs. 
A TBC sample was put into a furnace at around 400oC to make the YSZ TC 
become conductive enough for impedance spectra measurements. A conductive 
electrode was painted on the TC surface and the metal substrate can be another 
electrode. These two electrodes were connected to an impedance analyzer to 
measure impedance spectra of TBCs. Ogawa et al. [117] have reported that the 
impedance increased with an increase in the thermal treatment temperature and 
the thermal treatment time of specimens and the impedance behaviour was 
markedly changed due to the formation of a TGO. 
Song et al. [113] reported four relaxation frequencies were observed in  vs. log f 
type Bode plots of APS TBCs, which corresponds to the YSZ grains (approx. 
107Hz), grain boundaries (approx. 104 Hz), the alumina TGO layer (approx. 102 
Hz) and the electrode effect (approx. 10-2 Hz) individually. Since the conductivity 
of an alumina TGO layer is around five orders of magnitude lower than that of 
YSZ TC [28], it is easy to detect the TGO formation from the diameter of 
CPEg CPEgb 
Rg Rgb 
CPEe 
Re 
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semi-circles in Nyquist plots even though the TGO thickness is around two orders 
of magnitude smaller than that of the YSZ TC [117]. IS is sensitive to not only the 
TGO formation but cracks and delaminations in the TBC system since these 
defects interrupt the electric flow [26]. Anderson et al. [116] reported the m phase 
makes another peak, which can not be detected without the presence of the m 
phase, at approximately 103Hz in log Z” vs. log f type Bode plots. Since IS can 
detect the TGO layer and the m phase non-destructively, which are the main 
reasons of TBC spallation, the TBC residual life may be able to be predicted using 
IS.  
2.3.2 Photoluminescence piezospectroscopy (PLPS) 
Fluorescence occurs when an electron relaxes to its ground energy state, 4A2, by 
emitting a photon of light after being exited to a higher quantum state by a laser 
beam [118]. (Fig. 2.13.a)  The most probable transition occurs from 2E to ground 
state, 4A2. It is well known that Cr
3+ is a persistent impurity in Al2O3 and causes 
intense fluorescence from electronic transitions under an appropriate excitation 
due to the similarity in ionic radius between Cr3+ (0.58Å) and Al3+ (0.54Å) [119].  
Therefore, Cr3+ can substitute for any Al3+ in Al2O3 and coordinate with the 
neighbouring O2- and Al3+ to form an elongated octahedral structure along the 
c-axis of the -Al2O3 lattice, resulting in the splitting of the R-fluorescence lines 
into the doublet of R1 and R2 refinements at frequencies of 14400 and 14430 cm
-1 
respectively [118, 120]. The concept of the piezospectroscopic effect for the 
measurement of stress in a crystalline material is that an applied stress distorts 
the lattice surrounding Cr3+ and changes the interionic distances, which in turn will 
alter the energies of electronic transitions, consequently causes shifts in the 
characteristic lines of the spectra [121].  
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Figure 2.13 (a) Low-lying electronic levels of Cr3+ in the -Al2O3 structure. (b) the 
R1 and the R2 lines of the piezospectroscopy of alumina with and without stress. 
Note that oxide scale, Al2O3, on NiAl is constrained by the NiAl substrate, 
meaning a stress is loaded [122].     
 
The relationship between the line shift in piezospectroscopic spectra and the 
state of stress was first described by Grabner, who proposed that the change in 
frequency, , of a fluorescence line can be expressed by the following equation 
[123]:  
                 ijij                     (2-11)  
where ij and 

ij  are the piezospectroscopic coefficients and stress tensor 
respectively. ij is a symmetric tensor reflecting the symmetry of the stress tensor, 
ij=ji. One consequence of this assumption is that the piezospectropic tensor for 
spectra from single, isolated dopant ions such as the Cr3+ R lines, will have a form 
governed by the point symmetry of the dopant ions in the host crystal. With the 
exception of monoclinic or triclinic systems, the piezospectroscopic tensor is then 
diagonal in the orthogonal crystallographic reference frame:   
R1 
R2 
R1 R2 
(a) (b) 
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where subscripts 1, 2 and 3 stand for the axes parallel to the a-axis, m-axis and 
c-axis in the hexagonal closed pack structure respectively [120]. Since the TGO is 
a poly-crystalline material and a, m and c-axes are randomly oriented, the general 
piezospectroscopic relationship can be written as [124]:  
       )(
3
1
))((
3
1
332211332211332211   ij        (2-13)  
Since the TGO thickness is much smaller than the dimensions of the sample, a 
biaxial stress state can be applicable, i.e. for =11=22, 33=0, the 
piezospectropic relation of (Eq. 2-13) can be written as [125]: 
        ij
3
2
                                                (2-14)   
He and Clarke [120] reported that the piezospectroscopic coefficients, 11,22 
and 33 are dependent on the crystallographic directions; a, m and c-axes, and 
the value of ij is 7.59 and 7.61 cm
-1/GPa for the R1 and R2-lines, respectively. 
Thus, by measuring the shift of the R-line spectra the lattice strain and the stress 
in the -Al2O3 can be determined. However, since these peaks are varied 
dependent on the temperature [120, 126] and the Cr concentration [127] under an 
identical stress, special care must be paid about the measurement conditions. 
PLPS uses R1 and R2-line fluorescence of a trace of Cr
3+ in Al2O3 which is 
underneath a thick ceramic TC. However, since the YSZ TC are transparent at 
optical frequencies, when the TCs are illuminated by an argon (514 nm) or a 
He-Ne (633 nm) laser, the characteristic ruby line fluorescence (693 nm) from 
Cr3+ in the TGO can be detected through the YSZ TC [73, 128-130]. The key to 
the use of PLPS as an NDE tool is that the frequency of the luminescence lines 
shifts with the mean stress within the region of the TGO probed by the laser which 
CHAPTER 2  LITERATURE REVIEW 
 Page 49 
can be measured directly [131-133]. Using Eq. 2-14, the TGO stress within the 
region probed by the laser can be calculated non-destructively.  
The TGO stresses are generally reduced during the thermal loads since the 
formation of local damage such as cracks and rumpling will release a part of 
these stresses [134]. Therefore, when the TGO stress calculated from the 
luminescence shift is low the TBC residual life may be short. However, special 
care must be paid when the laser probing area in the TGO involves different 
stress states.  When a laser spot covers a region of different damaged areas of 
the TGO, the total spectrum collected by luminescence spectroscopy should 
comprise the signal from the TGO with different stress states within a probing 
volume [131].  The photo emission from each Cr3+ ion is independent of the 
other Cr3+ ions and consequently each ion acts as an independent stress tensor, 
therefore the overall luminescence is the sum of the photons emitted by the 
individual Cr3+ ions [135].  Therefore when damage occurs, the luminescence 
peaks can no longer be fitted with a single doublet due to its asymmetry. Instead, 
more than two sets of peaks should be used to deconvolute the spectrum. Thus 
not only the magnitude of the luminescence shift but the shape of a luminescence 
spectrum must be taken into account to characterize the residual life of a TBC 
due to overlapping of more than two peaks . 
2.3.3 Infrared thermal wave imaging (TWI) 
The thermal wave imaging (TWI) technique for non-destructive testing of 
materials is based on the fact that a defect region generally has a thermal 
conductivity different from that of a reference region in the sample [136].  
Therefore, different heat flows through samples result in differences in the 
temperature distribution on the surface of the sample. Since the conductivity of air, 
which is in cracks, is usually lower than that of the materials composing TBCs, the 
surface temperature above this region is hotter and the thermal wave signal 
decays more slowly [137], as shown in Fig. 2.14. Consequently, the damaged 
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area can be identified from a temperature distribution map using an infrared (IR) 
camera. 
 
 
Figure 2.14 The thermal signal amplitude response for the buckling and newly 
created delamination zones in a TBC sample near the end of life. The thermal 
image is inserted in the figure. The white area in the thermal image indicates 
delamination zones [137].  
 
In the case where the delaminations in a TBC are detected with a TWI technique, 
when a pulse of heat reaches the TC surface from the flash lamps, the heat flows 
through the intact area more quickly than the damaged area since cracks interrupt 
the heat flow. As a result, the temperature above the damaged area is higher and 
can be measured by the TWI technique [138]. However, since the sintering of the 
YSZ TC leads to higher thermal conductivity, the temperature in an un-sintered 
area is higher than that of a sintered area. Therefore, it is difficult to differentiate 
the temperature change induced by sintering from interfacial damage. Another 
problem that limits the application of this technique is its low resolution (0.5 mm2), 
meaning micro-decohesion can not be observed with the TWI technique. 
2.4 Measurement of interfacial adhesive strength in TBCs 
Multilayer material systems such as TBCs generally have interfaces which have 
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an adhesive strength to connect the materials. The adhesive strength means how 
strong two materials connect to each other at their interface, which relates to the 
cracking and decohesion behaviour. The cracking and decohesion behaviour of 
coating/substrate systems have been studied in recent years [139-141]. When a 
coating/substrate system is under compression at its cross-section, the coating 
may buckle from the substrate and delaminate [142]; or the substrate may split 
along the direction perpendicular to the interfaces [143]. Delamination can initiate 
at the edges of the coating. Alternatively, delamination occurs along a pre-existing 
internal crack in the coating/substrate interface. Therefore, when the two 
materials, the coating and the substrate, are debonded at the interface, an initial 
debonding or cracking is at first generated under compression and then this 
expands along the interface. Thus the adhesive strength relates to how the 
interface resists the expansion of the debonding or cracking. An expansion of a 
debonded or a cracked area relates to the fracture toughness along the interface.  
Hence the adhesive strength at the interface can be expressed by an „interfacial 
fracture toughness‟. There are several methods to measure the interfacial 
fracture toughness in coating/substrate systems, such as a compressive test 
[144], a tensile test [145] or a bending test [146].  
The interfacial fracture toughness can be defined with the energy release rate 
and the stress intensity factor [147-150]. The energy release rate is the energy 
dissipated during a fracture per unit of newly created fracture surface area.  The 
energy that must be supplied to a crack tip for it to grow must be balanced by the 
amount of energy dissipated due to the formation of new surfaces and other 
dissipative process such as plasticity. Therefore, the energy release rate, G, can 
be expressed by: 
             
a
U
G


                                   (2-15)  
where U is the potential energy available for the crack growth and a is the crack 
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area. In the case of the single material, the stress intensity factor, K, can be given 
by [151]:  
             '2 GEK                                      (2-16)  
where E is the Young‟s modulus and E’=E for plane stress and 
21
'


E
E  for 
plane strain, where  is Poisson‟s ratio. However, when a crack propagates along 
the interface of coating/substrate systems, Eq. 2-16 is invalid since 
coating/substrate systems are not a single material and the Young‟s moduli of the 
two materials, the coating and the substrate, must be taken into account.   
The interfacial fracture toughness was discussed using the Suo-Hutchinson‟s 
analysis on interfacial cracking between two elastic layers [144, 152]. Using the 
Suo-Hutchinson‟s analysis, which takes into account the Young‟s moduli of two 
the materials, not only the energy release rate, G, and the stress intensity factor, 
K, but the phase angle relating to mode I and mode II, , can be calculated.       
Since TCs may delaminate during or after gas turbine operations, it is important to 
recognise the interfacial fracture toughness in TBCs quantitatively. Therefore the 
energy release rate of the coating/substrate interface including the TGO/substrate 
interface without the TC has been investigated in several reports [22, 23, 148, 
153]. The following examination methods have been used to calculate the 
adhesive strength of the interfaces in TBCs. 
2.4.1 Tensile tests 
An initial crack is usually generated on the TC surface and propagated to the 
TC/BC interface in a tensile test, and then it is kinked along the TC/BC interface 
[153] when the adhesive strength of the TC/BC interface is lower than the 
strength of the BC. In order to obtain quantitative knowledge about the quality of 
TBC systems, a simple shear lag model was used to evaluate the TC/BC 
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interfacial strength. The shear lag model can be applied when the material near 
the interface either yields or slides, while the remaining substrate is still elastic, as 
shown in Fig. 2.15. Hu and Evans [154] showed that when the substrate is ductile, 
the cracked TC either remains attached to the substrate or decoheres along the 
TC/BC interface, depending on the TC/BC adhesion and the substrate yield 
strength. A relative critical cracking stress (c/Y) was defined to evaluate cracking 
and decohesion of the thin coating on a ductile substrate, where c and Y are the 
fracture strength of the TC and the yield strength of the substrate, respectively.  
Generally, when the relative critical cracking stress (c/Y) is greater than 0.2, the 
shear lag model may be used to estimate the interfacial strength [154]. Since the 
fracture toughness of an APS TC (c) and the yield strength of MCrAlY (M=Ni 
and/or Co) substrate is approximately 100 MPa and 426 MPa [155], respectively, 
therefore the relative critical cracking stress (c/Y) is 0.2347, which is greater than 
0.2. Hence the shear lag model is valid. 
 
 
Figure 2.15 Schematic representation of shear lag behaviour used to model TC 
cracking at the TC/BC interface [155]. 
 
Zhou et al. [155] have obtained the interfacial stress intensity factor in as-sprayed 
APS TBCs with tensile tests. Using the result of the tensile test and 
Suo-Hutchinson‟s equations, the stress intensity factor of as-sprayed APS TBCs 
is in the range between 1.0 and 1.27 MN/m3/2.   
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2.4.2 Bending tests 
The coating and the substrate are normally pushed by the long and the short 
spans, respectively, in a bending test as shown in Fig. 2.16.A [148, 156], which 
generates a tensile stress and strain in the coating. In order to force a 
delamination along the TC/BC interface in a TBC system using a four point 
bending test, stiffeners, which are metal sheets glued to the TC as shown in Fig. 
2.16.A, are normally used [156-158]. In a four point bending test a crack 
propagates through the TC surface and kinks into the TC/BC interface, which is 
similar to a tensile test.  When a crack kinks along the TC/BC interface in a four 
point bending test, the applied load abruptly drops as shown in Fig. 2.16.B [146, 
157], therefore the critical load to make a TC delamination can be recognised 
from the load-displacement curve.  
Zhou et al. [155] have investigated the interfacial stress intensity factor in 
as-sprayed APS TBCs with four point bending tests. Using the result of the four 
point bending test and Suo-Hutchinson‟s equations, the stress intensity factor of 
as-sprayed APS TBCs is in the range between 4 and 7 MN/m3/2, in which the 
energy release rate is the range between around 110 and 350 N/m. These values 
are considerably different from the stress intensity factor using the tensile test 
[155] in Section 2.4.1. This may be due to TC spray conditions or a TC/BC 
interface roughness. 
   
Figure 2.16 (A) Schematic illustration of a four point bending test sample. The 
stiffeners are glued to the TC. (B) Typical force-displacement diagram for the four 
point bending test [157]. The load drop due to the TC delamination can be seen.  
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Hofinger et al. [158] have reported the energy release rate of APS TBCs without a 
thermal treatment is around 60 N/m. Zhao et al. [159] have measured the energy 
release rate of twelve as-sprayed APS TBCs and the results are about 17-35N/m. 
Yamazaki et al. [156] and Thery et al. [157] have investigated the relationship 
between the thermal treatment and the energy release rate in TBCs deposited by 
an EB-PVD and an APS in four point bending tests. Using the results of four point 
bending tests, the energy release rate of the as-deposited TBC coated by 
EB-PVD is approximately 120 N/m and then decreases to around 30 N/m after 
100 cycles at 1100oC for 1h in Ref. [157] while the energy release rate of APS 
TBCs without a thermal treatment is around 140N/m and then increases to 
approximately 250 N/m after 1000 h thermal treatment at 1000oC in Ref. [156]. 
Therefore, the variation of the energy release rate after thermal treatment may 
depend on the thermal treatment condition. 
2.4.3 Compressive tests 
Due to a mechanical discontinuity at the coating/substrate interface the sample 
creates an interface separation and then the coating buckles at a critical stress in 
a compressive test along the interfacial plane [29]. (Fig. 2.17) Wang and Evans 
[160, 161] and Evans et al. [142] have suggested the following equations to 
calculate the energy release rate, G, with the initial buckling radius of the coating 
in a compressive test.   
      )( 22 cCG                                        (2-17)   
where C is a constant relating to the coating thickness, the Young‟s modulus and 
the Poisson‟s ratio of the coating,  is the residual stress when the initial buckling 
is generated, which is given by: 
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where r is the residual stress relating to the coating formation, E1 and  are the 
Young‟s modulus and the Poisson‟s ratio of the coating, respectively, and  is the 
critical strain to make the buckling. c is the critical stress to make buckling above 
a circular separation at the interface in plane strain given by:  
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                                  (2-19)  
where h is the thickness of the coating, and a is the initial buckling radius. c  
means the reduction of the residual stress when the coating buckles.  must 
exceed c if the coating is to buckle away from the substrate for a given interface 
crack length 2a [144] because a residual stress in the coating exists even after 
the coating buckles, although the buckling reduces the residual stress. The 
buckling phenomena of TGO/substrate interfaces without a TC have been 
analysed in several reports [21, 22, 162-164]. The critical interfacial delamination 
diameter is normally more than 20 times of the coating thickness for typical 
moduli and coating/substrate compression levels [165]. However, since there are 
many horizontal cracks and pores in the YSZ TC deposited with APS, fretting and 
wearing occurs at inter-splat boundaries of sprayed splats and these cracks and 
pores connect with each other therefore making interfacial separation easy during 
a compressive test. The interfacial separation size of an APS TBC is comparable 
with the TC thickness due to the porous and anisotropic lamellar microstructures 
[166]. Such defects, which are not buckling, spall away from the substrate before 
buckling, meaning a compressive test does not cause buckling in normal TBCs 
with an APS TCs.  
Mao et al. [167], therefore, have made TBCs with low adhesion regions at the 
TC/BC interfaces to make buckling easy under high temperature compressive 
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tests. The energy release rate and the mode II stress intensity factor calculated 
from the external compressive load are 38.8 N/m and 0.97 MN/m3/2, respectively, 
when the TC surface and the bottom surface of the substrate are around 1300oC 
and 1000C, respectively. However, the energy release rate and the stress 
intensity factor at room temperature were not measured in [167]. 
   
  
Figure 2.17 A schematic indicating the sequence of events when a compressed 
film buckles from a substrate. 
 
Although the interfacial fracture toughness of APS TBC systems are sensitive to 
the spray conditions, the energy release rate and the stress intensity factor of 
TBCs without a thermal treatment reported previously are approximately 20-140 
N/m and 1-7 MN/m3/2, respectively, and the fracture toughness of a TBC 
deposited by EB-PVD and APS is comparable. However, previous reports have 
measured the interfacial fracture toughness of TBCs without a thermal treatment 
or TBCs thermally treated for a short time [149]. Therefore, the relationship 
between the interfacial fracture toughness and the plasma spray conditions, and 
how the adhesive strength degrades upon thermal treatment is still obscure. 
2.5 Summary 
Since TBCs have played an important role in prolonging the life of hot section 
parts in gas turbines and aero-engines and improving the turbine efficiency, many 
investigations of TBCs have been made in the last several decades. The 
degradation phenomena of APS TBCs mainly occur in the aspects (1) the growth 
of the TGO layer; (2) the changes of the TGO composition, such as the formation 
of a spinel; (3) the sintering and the phase transformation in the YSZ TCs. 
Although a few NDEs such as IS, PLPS and TWI have been investigated to 
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predict the remaining lifetime of TBCs, no single technique can satisfy this 
demand. The methods to measure the quantitative interfacial adhesive strength in 
TBCs are mainly (1) tensile tests; (2) bending tests; (3) compressive tests. Finally, 
there will remain a strong demand for an appropriate method to predict the 
quantitative remaining lifetime and the degradation of the interfacial adhesive 
strength of TBC systems. The present study is aimed to characterise the 
degradation phenomena of the materials composing the TBC systems during 
high temperature thermal treatments destructively and non-destructively.
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Chapter 3      Experimental 
3.1 Sample preparation  
3.1.1 Cold pressed and sintered YSZ powder  
YSZ powder (Grade: HSY-8, PI-KEM, Ltd., Shropshire, UK), which an average 
size around 250 nm, was used. The components of the YSZ powder were ZrO2-8 
wt% Y2O3. Approximately 3 g of YSZ powder was cold pressed under 10 kg/cm
2 
to get YSZ sample followed by the sintering in an electric furnace in ambient air. 
The sintering temperature ranged from 1100°C to 1500°C for 4 h with the heating 
and cooling rates of 3Kminnute-1. 
3.1.2 Free standing APS TBC 
ZrO2-8 wt% Y2O3 (YSZ) TCs of ~1 mm thickness were prepared on a mild steel 
substrate using APS (Sermatech, Derby, U.K.). The size of the spray powders 
was 20-100 m and the spray conditions were the standard conditions used in 
Sermatech. The YSZ TC was removed from the substrate by immersing the TBC 
sample, which is the TC with the substrate, in a HCl solution at 298 K for 24 h to 
obtain a free standing TC, and then the surfaces of both sides of the free standing 
TCs were polished using SiC paper to remove any contamination on the surface 
before thermal treatments. The thickness of the free standing coatings was 
around 0.8 mm after a polishing. These coatings were sectioned with a diamond 
wheel saw to produce specimens of dimensions around 25 mm2. Although it has 
been reported that the m phase was formed in APS YSZ TCs at 1250°C [26], it 
took 1000 h. In order to accelerate the formation of m phase, the free standing 
TCs were thermally treated at 1400C in this study. The free standing TCs were 
thermally treated at 1400C for up to 300 h with heating and cooling rates of 
3Kminute-1. 
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3.1.3 Alumina scale on Fecralloy substrate  
The Fecralloy substrate had the composition of 22.0% Cr, 5.0% Al, 0.3% Si, 0.2% 
Mn, 0.1% Y, 0.1% Zr, 0.02% C, balance Fe (Goodfellow Metals Ltd., UK) with 
different thickness, 0.15-0.9 mm. The substrate was cut to 10×25 mm2 and 
polished with diamond paste to 0.25 m followed by thermal treatments at 
1000C, 1100C, and 1200C, respectively for different periods up to 25 h with 
heating and cooling rates of 3Kminute-1. 
3.1.4 Four point bending sample   
ZrO2-5 wt% CaO (Metco 201NS, Sulzer Metco, USA), which has been provided 
by University West, was used as the TC layer and was deposited on the BC using 
APS. Sheets of a Ni-base superalloy IN718 of 5 mm thickness, 30 mm in width 
and 50 mm in length were used as the substrates. NiCoCrAlY (Amdry 365-2, 
Sulzer Metco, USA) was chosen as the BC layer. The plasma spray conditions 
are given in Table 3.1. The thickness of the TC and the BC are approximately 200 
m and 100 m, respectively, which is a typical thickness of a TC and a BC in a 
APS TBC system [2]. Before the thermal treatments the substrate was cut to give 
a thickness of approximately 2 mm which allows the sample to be bent easily. The 
TBCs were then thermally treated at 1050C, which makes a TC delamination for 
an appropriate time. It should be noted that the TBCs used in this study became 
delaminated after a thermal treatment at 1100°C for 50h, because the BC were 
also deposited using an APS system which produced a porous BC, whereas at 
1050C, the TC was delaminated after the 200 h thermal treatment. For all of 
thermal treatments, both heating and cooling rates were 3Kminute-1. 
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Table 3.1 The plasma spray conditions of the top coat for the four point bending 
samples. 
Gun type  Current(A)  Ar (slpm)  H2 (slpm)  Powder feed rate (g/min) 
     F4-MB     600         50       14            40 
Spray distance (mm)   Surface speed (m/min) 
                      120                    75  
 
The Ni-base superalloy substrates with TBCs were cut to approximately 3 mm in 
width for the four point bend tests after the thermal treatments. In order to achieve 
the fracture behaviour in TBCs a notch was made at the middle of the four point 
bending sample and „stiffeners‟ were used where the metallic substrate was glued 
to the TC [156]. Fig. 3.1 gives a schematic diagram of the macroscopic of a four 
point bending sample and the approximate dimensions of a four point bending 
sample. The material of the stiffener of 3 mm in width is identical to the substrate, 
and was sliced from the substrate before the thermal treatment. Without this 
„stiffener‟ only vertical cracks could be observed without generation of horizontal 
cracks. After the thermal treatment, a notch was made at the middle of the four 
point bending sample with a cutting blade with a thickness of approximately 0.4 
mm. This notch was made up to the TC/BC interface. 
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Figure 3.1 A schematic diagram of the macroscopic cross section of a four point 
bending test. The dimensions are inserted in the figure. 
 
3.2 Impedance Measurements  
Before impedance measurements, silver paste was painted on both sides of the 
sample followed by a thermal treatment at 690C for 30 minutes to remove the 
organic component in the silver paste and promote adhesion of the silver paste to 
the sample. Impedance measurements were carried out using a Solartron SI 
1255 HF frequency response analyser coupled with a Solartron 1296 dielectric 
interface controlled by a computer. Spectral analysis (fitting) was performed using 
Zview impedance analysis software (Scribner Associates Inc., Southern Pines, 
NC) to obtain the electrical properties of the sample. For impedance 
measurements, an AC amplitude of 100 mV was applied to the sample and the 
AC frequency was in the range of 0.1 Hz to 107 Hz. Six data points were 
measured in every decade of impedance measurements.  
3.3 Indentation measurements 
3.3.1 Nano-indentation measurements 
A nano-Indenter (MTS, USA) with a Berkovich tip was used to obtain the 
mechanical properties of the sample, which are the local Young‟s modulus and 
hardness. These properties were obtained from polished surfaces using a 
standard metallurgical procedure with up to a 0.06 m OPS paste finish. The 
50 
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measurements were made at a fully-controlled room temperature (25C ± 1C) in 
ambient air. Indentation was performed using a constant nominal strain rate of 
0.05 s-1, and at least 15 indentations were made for each sintered sample. The 
interval between indentations was much larger than the size of indenter to avoid 
any influence of the neighbouring ones. The Poisson‟s ratio of YSZ was taken as 
0.3 [168] and the penetration depth of the indenter was 1000 nm. Young‟s 
modulus, E, can be defined by [169]:  
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                             (3-2)  
where E and  are the Young‟s modulus and Poisson‟s ratio for the samples and 
Ei and i are the same parameters for the indenter, Er is the reduced modulus, 
which is the effect of a non-rigid indenter on the load-displacement behaviour, A is 
the projected area of the elastic contact, S is the slope of the unloading curve, 
and  is equal to 1.034 for a Berkovich indentation [170]. For a diamond indenter, 
it has been reported that Ei=1141 GPa and i=0.07 [171]. 
3.3.2 Micro-indentation measurements 
A micro-indenter (CSM Instruments, Switzerland) with a Vickers tip was used to 
obtain the mechanical properties of the samples. The surface condition of the 
samples and the ambient conditions were the same as for the nano-indentation 
measurements (Section 3.3.1). Indentation was performed using a constant 
loading rate of 0.05 N/s with a holding time of 10 s, and at least 20 indentations 
were made per sample. The maximum load on the indenter was 1.5 N. 
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3.4 Measurements of the monoclinic phase fraction 
3.4.1 XRD 
The phases of TCs in TBCs were identified using X-ray diffraction (XRD) with 
Cu-K radiation at 10 mA and 10 kV (Philips, PW1830). Step scans of 0.05° over 
the 5° to 85° 2 range were measured. Using XRD peaks, the volume fraction of 
the m phase, m, can be given by [172]:  
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where Xm is the integrated intensity ratio expressed by: 
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where subscripts m and t represent the monoclinic and tetragonal phases, 
respectively. There should exist three phases, t, c and m phases in an APS TC, 
however the c and the t phases were not separately distinguished in this study, 
therefore both the t and the c phases were counted as the t phase in this study, 
which should not affect the study of the formation of the m phase and its effect on 
the mechanical and the electrical properties of the TCs. 
3.4.2 Raman spectroscopy 
The local phases of the TCs were identified at room temperature using a 
Renishaw Ramanscope 1000 (RenishawTM, Gloucestershire, UK) in conjunction 
with an Olympus BH-2 microscope. During the measurements, a He-Ne laser 
(632.8 nm) was focused at a position on the cross section of a TBC and the laser 
spot size was set at about 3-5 m. The measurement range of Raman 
spectroscopy is from 200 to 800 cm-1 to detect the local phases in TBCs. 
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3.5 Residual stress measurement by PLPS 
Residual stresses in TGO layers were measured at room temperature using a 
Renishaw Ramanscope 1000 (RenishawTM, Gloucestershire, UK) in conjunction 
with an Olympus BH-2 microscope. The laser used in the PLPS measurements 
and the spot size is the same as the Raman measurements in Section 3.4.2. The 
measurement range of PLPS is from 14300 to 14500 cm-1 to detect the TGO 
residual stress. The reference sample was a stress-free -alumina powder. 
3.6 Four point bending tests 
The four point bending experiments were carried out by means of two types of 
machines. 
(i) Instron 5569 
The long and short spans of four point bending tests in the Instron 5569 were 40 
mm and 20 mm, respectively. A constant crosshead speed of 0.2 mm/minute was 
adopted at room temperature. 
(ii) Four point bending tool 
In order to observe the microstructures of TBCs during the four point bending 
tests, a four point bending tool was fabricated, which can be used on the stage of 
an optical microscope. Fig. 3.2.a gives the appearance of the four point bending 
tool. The long and short spans in the four point bending tool were 30 mm and 15 
mm, respectively. Because the four point bending tool does not include a load cell, 
a strain gauge (RS component, UK) was connected on the surface of the 
substrate at the middle of the spans to measure the strain during the four point 
bending tests in-situ. Fig. 3.2.b shows the position of the strain gauge on the 
sample. Images of the microstructures were taken every 20 m in crosshead 
displacement until an obvious crack could be seen. 
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Figure 3.2 (a) An appearance of the four point bending tool. (b) The position of the 
strain gauge. 
 
3.7 Microstructurural characterisation 
The samples were polished following a standard metallurgical procedure finishing 
with the finest 0.25 m diamond paste. The microstructures of both the fracture 
surfaces and polished surfaces of the samples were examined using a scanning 
electron microscope equipped with an energy dispersed X-ray spectrometer 
(SEM-EDX, ZEISS EVO60) and an optical microscope (Olympus, Japan).
Handle 
Micrometer 
Sample Strain gauge 
Long span 
Short span 
(a) 
(b) 
50 mm 
100 mm 
CHAPTER 4 CHARACTERIZATION OF SINTERED YSZ 
 Page 67 
Chapter 4 
Mechanical and electrical characterisation of sintered 
yttria stabilised zirconia 
 
4.1 Introduction 
YSZ is usually used as a TC in a TBC system. Since the TC is normally porous 
and it is sintered during gas turbine operations, the characteristics of the TC are 
changed, which is one of the reasons for the degradation of a TBC [27, 173, 174].  
Among these characteristics, the elastic modulus [175], the thermal conductivity 
[176] and the electrical conductivity [117] have been widely investigated to 
evaluate TBC degradation. Since pores have no mechanical strength and a much 
lower thermal conductivity than the YSZ, they strongly affect the thermal and the 
mechanical properties. It has been reported that the Young‟s modulus affects the 
thermal conductivity [177, 178]. The pores interrupt not only the stream of heat 
but the flow of ions and electrons, therefore the influence of pores for the electric 
conductivity may be similar to that for the thermal conductivity.  Recently, the 
degradation of the TC has been investigated using the electrical properties [116, 
117], thus it is a special interest to determine if there is a relationship between the 
mechanical and the electrical properties of YSZ.     
The microstructure of APS YSZ TC is complicated, while that of cold pressed and 
sintered YSZ power is easier to control the density, pore distribution and the grain 
size of these samples [179, 180]. Therefore, it is useful to investigate the 
relationship between the electrical and the mechanical properties of a cold 
pressed and sintered YSZ. This is investigated in this chapter, before using an 
APS YSZ TC.  
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4.2 Experimental procedure  
The YSZ samples were made from YSZ powder (Grade: HSY-8, PI-KEM, Ltd., 
Shropshire, UK) with an average particle size of around 250 nm. The YSZ powder 
was cold pressed before sintering in an electric furnace with a temperature range 
from 1100°C to 1500°C. The detail of sample preparation has been given in 
Section 3.1.1.  
The aspect ratio of pores in the samples has been analyzed with image analysis 
software. The aspect ratio was defined as the ratio of the length of the major axis 
to the minor axis of the pore. The analyzed area was more than 400 m2 and 
approximately 350 pores were measured per sample. 
Impedance measurements were carried out at 350C using a Solartron SI 1255 
HF frequency response analyser coupled with a Solartron 1296 dielectric 
interface controlled by a computer. Since the microstructures of all samples were 
homogeneous and the size of pores were of sub-micrometer order, a 
nano-indentation technique was adopted to measure the mechanical properties of 
the samples.  The local Young‟s moduli were measured using a Nano-IndenterTM 
XP (MTS, USA) with a Berkovich indenter. The details of the measurement of 
impedance and the local Young‟s moduli, and the microstructural characterisation 
are given in Chapter 3. 
4.3 Results 
4.3.1 Evolution of the microstructures after sintering 
Fig. 4.1 gives the microstructures of the cold pressed and sintered YSZ. The 
powder was not sintered in the sample treated at 1100°C for 4 h as the original 
particles can be seen as shown in Fig. 4.1.a. Grains (g) and grain boundaries (gb) 
still can not be observed and continuous „pores‟ between particles can be 
observed in the sample sintered at 1200C for 4 h. The grains (g), having the size 
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of around 1 m, are formed and the „pores‟ are isolated, meaning the pores are 
formed in the sample sintered at 1300C for 4 h. The pores are located within the g 
and at the gb randomly and the shape of the pores is normally spherical. In the 
sample sintered at 1400C for 4 h, the grain size is around 5 m and the pores are 
dispersed at the g and the gb. The shape of pores in the g is also spherical 
whereas the pores located at the gb has a high aspect ratio as shown by arrows in 
Fig. 4.1.d. The grains grew to approximately 10 m in the sample sintered at 
1500C for 4 h and the major part of pores moved to intra-grain positions and only 
a minor part of pores still exist at the gb. The shape of pores are again spherical. 
The grain growth during the sintering is because of the migration of the gb and 
can be normally observed in a polycrystalline YSZ [181]. It is reported that pores 
at the gb has a high aspect ratio during grain growth [182], which indicates an 
imperfect contact of the grains. In this study pores along the gb with a high aspect 
ratio exist in the sample sintered at 1400C, where the grain size is intermediate 
after the isolated pores are formed, meaning this type of pore is formed during 
grain growth. Since such a phenomenon can be seen in not all cases [180], the 
formation of the pores with a high aspect ratio may depend on the original particle 
size, the particle shape and the impurity content. 
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Figure 4.1 The microstructures of the cold pressed and sintered YSZ powder after 
sintering at (a) 1100C, (b) 1200C, (c) 1300C, (d) 1400C and (e) 1500C for 4 
h. 
 
4.3.2 Evolution of the mechanical properties  
Fig. 4.2 shows the relationship between the density of the YSZ samples and the 
sintering temperature, where a sintering temperature of 25C means the 
as-pressed YSZ sample. Although the density of the YSZ sample sintered at 
1100C is comparable with the as-pressed YSZ sample, it was dramatically 
increased in the range from 1100C to 1300C, followed by a slow increase up to 
1500C. These phenomena correlate with the microstructures, meaning that the 
YSZ samples are hardly sintered below 1100C and the densification mainly 
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(b) (c) 
(d) 
2m 2m 
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0.5m 
5m 5m 
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occurred between 1100°C and 1300C. These results are in accordance with a 
previous report [183]. Fig. 4.3 gives the Young‟s modulus and the hardness of the 
YSZ samples as a function of the sintering temperature. Both the Young‟s 
modulus and the hardness rise with an increase of the sintering temperature 
because of the disappearance of pores. Although there is no result of Young‟s 
modulus for the as-pressed YSZ sample, these trends are analogous to the 
density of the YSZ samples. The values of the Young‟s modulus of the YSZ 
samples are slightly larger than the generally accepted Young‟s modulus of fully 
dense YSZ, which is approximately 210 GPa [168]. This discrepancy could be 
attributed to the fact that Oliver and Pharr‟s original method based on Sneddon‟s 
analysis of elastic contact, as adopted here, does not consider the lateral stress 
generated during an indentation process, which leads to an overestimation of the 
Young‟s modulus through the  parameter (Eq. 3-2) [169, 184]. This discrepancy 
has been calculated by Bolshakov and Pharr with finite element modelling [185]. 
However, this overestimation does not affect the discussion of the results 
because all values are equally overestimated. 
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Figure 4.2 The density of the cold pressed and sintered YSZ powder as a function 
of the sintering temperature. The sintering temperature of 25C means the 
as-pressed condition. 
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Figure 4.3 Young‟s modulus and hardness of the cold pressed and sintered YSZ 
powder as a function of the sintering temperature. The solid line and the broken 
line indicate Young‟s modulus and hardness, respectively. The error bars indicate 
standard deviations. 
 
4.3.3 Evolution of the electrical properties 
Fig. 4.4 indicates typical impedance Nyquist plots of the YSZ samples. The 
electrochemical impedance response was obviously different among the samples 
with different sintering temperatures. Basically two semi-circles are drawn for 
each sample in the Nyquist plots. The semi-circles in the high and low frequency 
regions correspond to g and gb, respectively, since for all samples two peaks 
around 106 Hz and 104 Hz can be seen in Bode plots [113] in Fig. 4.5. The effect 
of pores contributes to the both semi-circles in the high and low frequency regions 
[182, 183]. Because the grain size in the sample sintered at 1500C is large, the 
peak corresponding to gb in Bode plots at this temperature is unclear. The 
diameter of both semi-circles in the Nyquist plots dramatically shrinks with an 
increase of the sintering temperature until 1300C, whereupon, these are almost 
comparable at higher than 1300C. However, the diameter of semi-circles in the 
low frequency range, relating to the gbs, declines at temperatures even higher 
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than 1300C. The reduction of the size of both semi-circles at lower than 1300C 
is because of the densification of the sample, ie, meaning the disappearance of 
pores since it is reported that pores affect the impedance of both g and gb [182, 
183], while the decrement of the diameter of the semi-circle corresponding to gb 
at higher than 1300°C is due to grain growth, meaning a reduction in the gb area. 
 
Figure 4.4 Typical examples of Nyquist plots of the cold pressed and sintered 
YSZ. The measurement temperature is 350°C. (b) and (c) is a magnification of 
the region surrounded by square in (a) and (b), respectively. 
                                                        
 Since it is difficult to avoid a variation in thickness, l, and electrode area of electrochemical cells, 
A, due to difficulty in controlling the thickness of YSZ sample by polishing and the difficulty to 
produce the same electrode area, A, l and the ratio of A to l (A/l ratio) were different among the 
YSZ samples used in this study. These values are listed in Table 4.1 (in Page 78). The diameter of 
the arc in the original Nyquist plot is not inversely proportional to its conductivity because of the 
difference of A/l ratios among the YSZ samples nevertheless, therefore, Fig. 4.4 is drawn with a 
calibration based on the A/l ratio, meaning the diameter of the arc in Fig. 4.4 is inversely 
proportional to its conductivity.  
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Figure 4.5 Typical examples of Bode plots of the cold pressed and sintered YSZ. 
The measurement temperature is 350C. 
 
4.4 Discussion 
4.4.1 Mechanical properties and their relation to microstructures 
Young‟s modulus, E, and hardness, H, are two essential parameters of the 
mechanical properties of a material, and the ratio of hardness to its Young‟s 
modulus, H/E, is of significant interest in both tribology and fracture mechanics. It 
is reported that a material with a low ratio of measured hardness to its Young‟s 
modulus (H/E) gives high plastic deformation [186], therefore it is important to 
express the H/E ratio to recognise the deformation capability of the material. Fig. 
4.6 depicts the relationship between the density and the H/E ratio. The H/E ratio 
and the density ascend simultaneously with an increase of the sintering 
temperature. It is known that the H/E ratio can be expressed by [187, 188]:  
              
t
ir
W
W
ba
E
H
                                 (4-1)  
g 
gb 
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where a and b are constants, and Wir and Wt stands for the irreversible work and 
the total work done by the indenter during the loading process of an indentation 
test, which can be represented as:  
               
t
ut
t
ir
W
WW
W
W 
 .                              (4-2)  
where Wu indicates the work done by the indenter during the unloading process 
[184-186] as illustrated by Fig. 4.7. Therefore, Wt and Wu can be given by: 
                
h
t F d hW
0
,  
h
h
u
f
FdhW                    (4-3)  
Since the irreversible work, Wir, relates to the plastic deformation during the 
indentation process and a high Wir/Wt ratio indicates substantial plastic 
deformation, meaning that a high unloading can not be generated after the 
maximum load [189], a low H/E ratio indicates a high Wir/Wt ratio and substantial 
plastic deformation from Eq. 4-1. When the sample is a highly porous material, 
transmission of the stress is dominated by a small solid area which is much 
smaller than the macroscopic indentation contact area. In this case, the stress is 
concentrated at these small solid regions and this leads to plastic and brittle 
deformation. Therefore a porous material has more micro-fractures than a dense 
material under the same macroscopic strain [189, 190]. Hence unloading is more 
difficult since the indenter makes a larger plastic region and a smaller elastic 
region than a fully-dense material, meaning the unloading curve is nearly a 
vertical line after the maximum load in the displacement curve and the irreversible 
work, Wir, is larger.  Thus, since the pores collapse, a porous material should 
have a higher plastic deformation capability than a dense material. 
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Figure 4.6 The density of samples as a function of the ratio of measured hardness 
to its Young‟s modulus (H/E). The sintering temperatures are inserted in the graph. 
Error bars mean standard deviations. The sintered temperature is written in the 
figure. 
 
Figure 4.7 Schematic diagram of a load-displacement curve during indentation.  
The total work done by the indenter (Wt) is defined as the area beneath the 
loading curve, and the reversible work (Wu) is the area beneath the unloading 
curve.  
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4.4.2 Electrical properties and their relation to mechanical properties and 
microstructures 
It has been reported that the conductivity of g in a fully-dense material was not 
changed regardless of the sintering temperature [191] whereas the conductivity of 
g and gb in a porous material was changed depending on the density and the 
sintering temperature [182, 183], meaning the effect of pores influences both the 
g and the gb, unless pores are filled with conductive material [192].  Similarly, the 
voids in the YSZ samples are not conductive, this should affect both semi-circles 
in impedance spectra. 
In order to obtain the electrical properties of different materials, it is necessary to 
establish an AC equivalent circuit model, as shown in Fig. 4.8.a. Since two 
semi-circles corresponding to the g and the gb can be seen in Nyquist plots, two 
R-C components with a series connection are established to simulate these two 
semi-circles. The AC equivalent model involves the resistance (R) and the CPE 
instead of the ideal capacitors, as discussed in Section 2.3.1. Fig. 4.8.b 
demonstrates the conductivity of g (g) and gb (gb) in the YSZ sample as a 
function of the sintering temperature. These conductivities can be defined by: 
              
g
g


1
 ,    
l
A
Rgg              (4-4) 
              
gb
gb


1
 ,   
l
A
C
C
R
g
gb
gbgb          (4-5)  
where R is the resistance, A and l mean the electrode area and the sample 
thickness, respectively, C is the capacitance,  and  stand for the resistivity and 
conductivity, respectively, and subscripts g and gb correspond to grains and grain 
boundaries [193]. The capacitance can be computed by: 
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        (4-6)  
here f expresses the relaxation frequency. These conductivities involve the effect 
of pores as discussed above.   
Table 4.1 gives the values of R and f for all the samples to calculate their 
conductivities. 
 
Table 4.1 The values of electrode area, A, sample thickness, l, resistance, R, and 
relaxation frequency, f, of cold pressed and sintered YSZ powder. 
 
                                              1100°C   1200°C  1300°C  1400°C  1500°C 
Electrode Area (A/m2)       1.87e-4  1.31e-4   1.13e-4  1.14e-4  1.10e-5 
Sample thickness (l/m)      6.00e-3   4.97e-3   4.66e-3  4.53e-3  4.60e-3 
A/l ratio (m)                3.11e-2   2.63e-2   2.41e-2  2.51e-2  2.39e-2 
Resistance of grain (Rg/)   1.55e5    2.41e4   1.15e4   1.52e4   1.25e4 
Resistance of gb (Rgb/)     4.31e5   3.33e4   2.97e3   2.25e3   1.60e2 
Relaxation frequency of grain 
(fg/Hz)                     2.00e5   5.42e5   8.70e5    7.05e5   8.27e5 
Relaxation frequency of                
gb (fgb/Hz)                  6.28e3   8.38e3   9.61e3   4.39e3   1.91e4 
gb=grain boundaries 
The gb is approximately two orders of magnitude lower than the g, which is in 
agreement with previous reports [28, 194]. The g and the gb are enhanced with 
an increase of the sintering temperature up to 1300C followed by a reduction at 
1400C, which is due to a specific microstructure as discussed later, and 
thereafter an increase at 1500C again. Because a rapid densification occurred 
until 1300C, both g and gb rise. The density of the samples rises slowly even at 
temperatures higher than 1300C, therefore the conductivities should rise 
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monotonically up to 1500C if only the density relates to the conductivity. However, 
actually both g and gb drop at 1400C and the g at 1500C is lower than that of 
1300C despite the fact that the density of the YSZ sample sintered at 1500°C is 
higher than that of the YSZ sample sintered at 1300°C. It is considered that g 
and gb are reduced at 1400C and raised at 1500C again due to specific 
mechanisms as will be discussed later. 
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Figure 4.8 (a) The equivalent circuit model for the cold pressed and sintered YSZ. 
(b) The conductivity of grains and grain boundaries of the cold pressed and 
sintered YSZ as a function of the sintering temperature. The solid line and the 
broken line indicate the conductivity of grains and grain boundaries, respectively. 
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The pores in the YSZ sample sintered at 1300C are dispersed randomly at both 
intra-grain and inter-grain sites and their shape is spherical, whereas the pores in 
the YSZ sample sintered at 1400C are also spherical at intra-grain sites but 
larger than those in the YSZ sample sintered at 1300C, while the pores at the gb 
have a high aspect ratio along the gb as shown by arrows in Fig. 4.1.d, and pores 
in the YSZ sample sintered at 1500C exist mainly in grains randomly and are 
spherical again. Therefore, the shape of pores may affect the electrical properties. 
In order to identify the role of the shape of pores, g and gb as a function of the 
average aspect ratio for the YSZ samples sintered at 1300C, 1400C and 
1500C is shown in Fig. 4.9. Since the pores in the YSZ samples sintered at 
1100C and 1200C are not isolated, the average aspect ratios in these two 
samples were not drawn in Fig. 4.9. g and gb in the YSZ samples would appear 
to reduce with the increase of the average aspect ratio in Fig. 4.9. The slope of 
the best fit line of the relationship between gb and the average aspect ratio is 
higher than that of the relationship between g and the average aspect ratio, 
implying that the average aspect ratio of pores in the YSZ samples affects gb 
rather than g. This is because of high aspect ratio located along the gb as 
discussed later. The distributions of the aspect ratio of pores in the YSZ samples 
sintered at 1300C, 1400C and 1500C are depicted in Fig. 4.10. Whereas the 
aspect ratio of more than half of the pores is lower than 1.5 in all the samples, 
pores have an aspect ratio of lower than 1.5 in the YSZ sample sintered at 
1300C and at 1500C have a higher fraction than that sintered at 1400C. The 
aspect ratio of more than 90% of pores in the YSZ sample sintered at 1300C and 
1500C is lower than 2, while pores having an aspect ratio of lower than 2 in the 
YSZ sample sintered at 1400C is less than 70%, moreover all pores having an 
aspect ratio of higher than 3 are located along the gb. Also pores with an aspect 
ratio of higher than 10 could be detected in the YSZ sample sintered at 1400C. If 
low conductivity materials such as pores or an insulation material was aligned or 
exists from the edge to the edge in the sample, the conductivities of the sample 
would drop extremely low even if the volume ratio of the low conductivity material 
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was small, which is analogous to an imperfect contact between the sample and 
the electrode [190, 195]. Therefore, even assuming the pore ratio is the same in 
these YSZ samples, the YSZ sample with pores having a high aspect ratio which 
are aligned should have a low conductivity, hence, the sample sintered at 1400C 
has the lowest conductivity of these three samples. Therefore, not only do the 
fraction of pores, the shape of pores but also the location of pores strongly affects 
the results of impedance.  
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Figure 4.9 (a) The conductivity of grains (g) and the conductivity of grain 
boundaries (gb) in the YSZ samples sintered at 1300C, 1400C, and 1500C as 
a function of the average aspect ratio of pores. The error bars stand for standard 
deviations. The black and the red marks indicate the g and gb of the YSZ 
sample, respectively. The black and red lines give the best fit of the relationship 
between g and the average aspect ratio, and gb and the average aspect ratio, 
respectively. The sintered temperature is written in the figure. 
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Figure 4.10 The distribution of the aspect ratio of pores in the YSZ samples. The 
black, red, and blue line indicate the distribution of the fraction of the number of 
pores in the YSZ samples sintered at 1300C, 1400C, and 1500C, respectively. 
Kachanov and co-workers have reported on the relationship between the fraction, 
the shape, and direction of pores with a high aspect ratio and the elastic modulus 
[177, 196, 197]. The Young‟s modulus of a porous material, E, where pores are 
randomly dispersed in the sample, can be estimated as [197, 198]:  
      



1
)1( pE
E o                                        (4-7)  
where p is the fraction of pore, Eo is the Young‟s modulus of the dense material,  
is the crack density, which can be given as:  
       
A
ai
2
                                            (4-8) 
where A is the total area, ai is the major axis of ith pore. When the pores in the 
sample have a high aspect ratio, the elastic modulus of a sample can be 
computed to be lower than the case of spherical pores from Eq. 4-7 and Eq. 4-8 
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even if the fraction of pores, p, is identical, since the major axis of pore, ai, having 
a high aspect ratio is larger than that of a spherical pore, hence the crack density, 
, is larger than for the sample having spherical pores. The elastic modulus 
relates to the thermal conductivity [178] because both the elastic modulus and the 
thermal conductivity are affected by pores and cracks. And possibly also the 
electrical conductivity, pores having a high aspect ratio which should lead to a low 
elastic modulus may affect the reduction of the electrical conductivities in the 
sample sintered at 1400C. However, the Young‟s modulus of the YSZ sample 
sintered at 1400C are higher than that of the YSZ sample sintered at 1300C in 
spite of the fact that both the g and the gb in the YSZ sample sintered at 1400C 
is lower than those of the YSZ sample sintered at 1300C. This may be because 
the increment of the density offsets the existence of pores with a high aspect ratio. 
Therefore, it is likely that the shape or the location of pores is more sensitive an 
effect on the electrical properties than the mechanical properties. 
By contrast, the lower value of the g in the YSZ sample sintered at 1500C than 
that of the YSZ sample sintered at 1300C may be due to a different mechanism 
from the YSZ sample sintered at 1400C since there are no pores with a high 
aspect ratio in the YSZ sample sintered at 1500C. It is reported that the 
conductivity of YSZ with a high Y2O3 concentration has a high electric conductivity 
[199] and the Y2O3 component can segregate at the gb when it is sintered in the 
temperature range from 1300C to 1500C [179]. This implies that the Y2O3 
concentration in the g is reduced during the sintering at high temperature due to a 
diffusion of the Y2O3 to the gb. Therefore, the g decreases after high temperature 
sintering in spite of the increment of the density and the similar pore shape. By 
contrast, the gb in the YSZ sample sintered at 1500C dramatically increases 
compared with that in the YSZ sample sintered at 1300C due to the 
disappearance of pores at the gb and the Y2O3 segregation to the gb. Since the 
density and the H/E ratio increase with the sintering temperature, it is revealed 
that the Y2O3 segregation does not affect the mechanical properties but does 
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affect the electrical properties. 
The volume of the gb is much smaller than that of the g or pores as the thickness 
of the gb is around 2 nm or less in a polycrystalline YSZ [179], hence the Young‟s 
modulus is affected by the g and pores rather than the gb. Since pores change 
and intercept the flow of ions or electrons in the sample [200], and reduce the 
Young‟s modulus and the H/E ratio, a sample with a high density should have a 
high Young‟s modulus, a high H/E ratio and high conductivities. It is known that 
the relationship between log[g (S/m)] and the blocking coefficient, R, which is 
determined by 
g
gb
R


  , is linear [201] and the relationship between the R and 
the H/E ratio in the YSZ samples sintered at lower than 1300C are also linear as 
shown in Fig. 4.11, therefore the relationship between the H/E ratio and log[g 
(S/m)] is also linear when the sintering temperature is lower than 1300°C as 
shown in Fig. 4.11. The best fit of the relationship between the H/E and log[g 
(S/m)] can be determined by:  
                 
E
H
mSg 74.4519.5)]/(log[             (4-9) 
The g increases with an enhancement of the H/E ratio, which means a lower 
plastic deformation capability. Since only pores affect the electrical and the 
mechanical properties in the YSZ samples sintered at lower than 1300C, the 
coefficient of H/E in Eq. 4-9, which is the slope of the relationship between the 
H/E and log[g (S/m)], indicates the relationship between plastic deformation 
capability and the electrical properties. From Eq. 4-9, the g of the YSZ samples 
sintered at 1400°C and 1500°C should be 4.183e-3 (S/m) and 6.089e-3 (S/m) 
respectively, however, these values are 2.614e-3 (S/m) and 3.355e-3 (S/m), 
respectively, meaning these differences are the effect of the shape and the 
location of the pores, and the Y2O3 segregation, respectively. As a result, it is 
proved that IS can successfully detect the features of the unique microstructures 
CHAPTER 4 CHARACTERIZATION OF SINTERED YSZ 
 Page 85 
and Y2O3 segregation.  
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Figure 4.11 The conductivity of grains (g) and the blocking coefficient (R) as a 
function of the ratio of measured hardness to its Young‟s modulus (H/E). The error 
bars mean standard deviations. The red line and the blue line express the best fit 
of the relationship between log(g) and the H/E ratio, and R and the H/E ratio, 
respectively, at a sintering temperature of lower than 1300C. 
 
Consequently, two temperature ranges can be classified in this study and 1300C 
is the critical temperature. At a lower temperature than 1300C, since the density 
of the samples rapidly soars and pores quickly disappear with an increment of the 
sintering temperature, the conductivity of the g and the gb increases with the 
sintering temperature. At higher than 1300°C, both the g and the gb are reduced 
at 1400C due to the pores with a high aspect ratio located along the gb. At 
1500C the gb dramatically rises because of the disappearance of pores having 
a high aspect ratio and Y2O3 segregation at the gb while the g is lower than that 
of the YSZ sample sintered at 1300°C due to the reduction of Y2O3 concentration 
in the g despite and the increase of density and the H/E ratio. 
4.5 Conclusions 
YSZ powder comprising ZrO2-8 wt% Y2O3 were cold pressed and sintered over a 
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range from 1100C to 1500C for 4 h. The impedances of the sintered YSZ 
samples were measured at 350C and the Young‟s modulus and the hardness of 
these samples were obtained with an indentation technique.   
The density, the Young‟s modulus and the hardness of the samples substantially 
rise over the sintering temperature range from 1100C to 1300C because of a 
rapid disappearance of the pores. The ratio of the hardness to the Young‟s 
modulus (H/E) rises with the density, meaning a porous material offers a high 
plastic deformation capability. Although the density of the YSZ samples is 
comparable for sintering temperatures higher than 1300C, only the YSZ sample 
sintered at 1400C has many pores with a high aspect ratio located along the gb, 
while most pores are spherical in the YSZ sample sintered at 1300C and 
1500C. 
The g and the gb increase with the sintering temperature up to 1300C, due to 
the disappearance of pores. In the sample sintered at 1400C, both the g and the 
gb are reduced due to the pores which have a high aspect ratio located at the gb.  
In the YSZ sample sintered at 1500C, the gb is higher than that of the YSZ 
sample sintered at 1300C while the g is lower than that of the YSZ sample 
sintered at 1300C because of the Y2O3 segregation to the gb. If the sintering 
temperature is lower than 1300C, in which the density of the YSZ sample plays a 
predominant role for the mechanical and electrical properties, the relationship 
between the H/E ratio and logarithmic scale of the g is linear and the g is high 
when the material has a low plastic deformation capability. This relationship is not 
valid when the sintering temperature is higher than 1400C because the location 
and the shape of pores and Y2O3 segregation to the gb are dominant. Because 
the Young‟s modulus and the hardness of the YSZ sample sintered at 1400C is 
higher than that of 1300C in spite of the fact that the YSZ sample sintered at 
1400C has pores with a high aspect ratio, the microstructures are more sensitive 
for the electrical properties than the mechanical properties.  
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Chapter 5  
Mechanical and electrical characterisation of a phase 
transformation in anair plasma sprayed zirconia top coat 
 
5.1 Introduction 
With a knowledge of the relationship between the mechanical and the electrical 
properties of a cold pressed and sintered YSZ powder, which does not involve the 
m phase, the effect of the m phase formation will be discussed using free 
standing APS YSZ TCs. It is well-known that the YSZ TC in TBCs is mostly t’ 
phase produced from the rapid solidification during the plasma spray process [39].  
During thermal treatment the t’ phase transforms to the c phase and t phase, then 
the t phase transforms to the m phase upon cooling. Although it is expected from 
the phase diagram that the m phase should be formed when YSZ TC is cooled 
from higher than 1400C to room temperature [104], it has been reported that the 
m phase is generated after thermal treatment of YSZ TC at 1250C for 1000h [26], 
which is a normal turbine condition [202]. Thus the m phase could form in TCs 
during service. However, the t to m transformation in TCs is undesirable since it 
leads to a volume expansion (4-5 %), which reduces the fracture toughness of the 
TC, and could lead to the failure of TBC systems. Meanwhile, it is important to 
examine the effect of the m phase formation on the mechanical properties of the 
TC, which is one of the key factors affecting the performance of TBC systems in 
service. Therefore, it is desirable to detect the formation of the m phase in TCs 
non-destructively and relate it to the mechanical properties of the TC 
It is known that the m phase reduces the fracture toughness of the APS YSZ TC 
[26] and the electric conductivity of the m phase is lower than that of the t phase 
[110]. Therefore, as with Chapter 4, it is anticipated that there should be a 
relationship between the electrical and the mechanical properties of TCs relating 
CHAPTER 5 MONOCLINIC PHASE EFFECT OF APS YSZ TOP COAT 
 Page 88 
to the m phase formation. 
In this chapter, IS, XRD, an indentation technique, and SEM were used to 
characterise APS YSZ TCs before and after thermal treatments. Since the size of 
pores in APS YSZ TCs is larger than that of the indenters of the nano-indentation 
technique, a micro-indentation technique was used to measure the local Young‟s 
moduli and hardness. The effect of the thermal treatment on the microstructure, 
phase composition, IS, and mechanical properties have been examined. Then a 
relationship between the electrical and the mechanical properties of APS YSZ 
TCs has been established. Moreover, how the formation of the m phase 
influences these properties is discussed. 
5.2 Experimental procedure 
The free standing APS TCs consisting of YSZ were made from TBC samples by 
removing them from the mild steel substrates. The free standing APS TCs with a 
thickness of around 0.8 mm were thermally treated at 1400C for up to 300 h with 
heating and cooling rates of 3Kminute-1. The details of sample preparation have 
been described in Section 3.1.2.  
Impedance measurements were carried out at 400C using a Solartron SI 1255 
HF frequency response analyser coupled with a Solartron 1296 dielectric 
interface controlled by a computer. Since the APS YSZ TC includes large pores, a 
micro-indentation technique was adopted to evaluate the mechanical properties 
of TCs. The local Young‟s moduli of the TC were measured using MHTX (CSM 
Instruments, Switzerland) with a Vickers indenter. The indentation measurements 
have been done using the cross-section of the TC. The fraction of the m phase in 
the TC was calculated from the results of XRD with Cu-K radiation at 10 mA and 
10 kV (Philips, PW1830). The experimental details of impedance measurements, 
the micro-indentation technique, the measurements of XRD and the 
microstructural characterisations were described in Chapter 3. 
CHAPTER 5 MONOCLINIC PHASE EFFECT OF APS YSZ TOP COAT 
 Page 89 
5.3 Results 
5.3.1 Evolution of the microstructures after thermal treatment 
TBCs are normally used in the temperature range between 1300C and 900C 
with a temperature gradient across the TC thickness of around 200 m [9]. 
Previously, sintering of an APS YSZ TC has been found to occur at 1100C after 
114 h [25]. In this study, 1400C was used to speed up the sintering process. Fig. 
5.1 shows the cross sections of free standing TCs before and after thermal 
treatments at 1400oC for different times. These images display the existence of 
inter-splat boundaries as indicated by arrows and pores of more than a few 
micrometres diameter. There is no significant change of the polished TC surfaces 
due to the thermal treatment. However, evidence of sintering can be observed as 
„necks‟ of inter-splat boundaries, which were formed after a 50 h thermal 
treatment, are indicated with arrows in Figs. 5.1.b~5.1.d. Fig. 5.2 shows the cross 
sections of free standing TCs, thermally treated for more than 50 h, at a low 
magnification. Although densification should occur and the density of the TCs 
should increase with the thermal treatment time due to sintering, large cracks 
were generated in TCs after more than 200 h thermal treatment, as shown by 
arrows in Fig. 5.2.b and Fig. 5.2.c. This is due to m phase formation causing the 
crack generation and a reduction of the density (Fig. 5.5 shown later) [203]. Fig. 
5.2.d shows typical Raman spectra of the TCs thermally treated for 50 h, 
measured within a grain, and the TCs thermally treated for 200 h, measured at a 
crack tip, which is the area I in Fig. 5.2.a and the area II in Fig. 5.2.b respectively, 
over the 200-800 cm-1 range. t and m in Fig. 5.2.d correspond with the peaks of 
the tetragonal and the monoclinic phases, respectively [203]. The peaks 
corresponding with only the t phase can be seen in the spectra of the TCs 
thermally treated for 50 h, within a grain, while the peaks corresponding with the 
m phase are also seen in the spectra for the TCs thermally treated for 200 h, 
taken at a crack tip. This shows that the m phase is preferably formed at crack 
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tips. 
Fig. 5.3 shows the fracture surfaces of the samples shown in Fig. 5.1. The vertical 
direction in Fig. 5.3 is the through thickness direction of the TCs. Columnar grains 
were formed from rapid solidification during the thermal spray process and remain 
even after thermal treatment. However, the diameter of the columnar grains 
increases with the thermal treatment time, which is in agreement with a previous 
study [181].  The diameter of the columnar grains in the as-sprayed coating is 
approximately 200 nm, which increased to about 700 nm after a 50 h thermal 
treatment, then to more than 1 m after a 200 h thermal treatment.   
 
   
    
 
Figure 5.1 The cross sections of free standing TCs of (a) as-sprayed, after (b) 50 
h, (c) 100 h, and (d) 200 h thermal treatment at 1400C. 
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Figure 5.2 The cross sections of free standing TCs after (a) 50 h, (b) 200 h and (c) 
300 h thermal treatments at 1400°C. (d) Typical Raman spectra of the TBC 
thermally treated for 50 h in a grain and the TC thermally treated for 200 h at a 
crack tip in the 200-800 cm-1 range. The black line and the red line indicate the 
spectra of the TC thermally treated for 50 h in a grain and the TBC thermally 
treated for 200 h at a crack tip, which is the area I and the area II in (a) and (b), 
respectively. Indices: m=monoclinic, t=tetragonal.     
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Figure 5.3 The fracture surfaces of free standing TCs of (a) as-sprayed, after (b) 
50 h, (c) 100 h, and (d) 200 h thermal treatment at 1400C. 
 
5.3.2 Phase transformation and mechanical properties of TCs 
Fig. 5.4.a gives typical XRD patterns of the as-sprayed TC, and the TCs thermally 
treated for 100 h and 200 h, which were used to calculate the volume fraction of 
the m phase in the TC. The t(101), )111(m  and m(111) peaks in a range of 2 
between 27o and 33o were used to obtain the m phase volume fraction. Note that 
the vertical axis, which is the intensity of X-rays, is a logarithmic scale to increase 
the weak m phase peaks. The peaks correlated with the m phase increase with 
the thermal treatment time. Based on the intensity of these peaks and Eq. 3-3 and 
Eq. 3-4, the volume fraction of the m phase can be obtained. Fig. 5.4.b shows the 
volume fraction of the m phase of TC as a function of the thermal treatment time 
at 1400C. The content of the m phase is similar until a 50 h thermal treatment, 
which is approximately 1.0 %, and then the phase transformation occurred with 
the content of m phase increasing to around 35 % after a 300 h thermal treatment.  
Meanwhile, density measurements were made on these TCs. Fig. 5.5 gives the 
(a) 
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(b) 
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relationship between the density of the TC and the thermal treatment time. The 
density rises dramatically with a 50 h thermal treatment due to sintering and 
densification, then reduces by a 100 h of thermal treatment, which may be caused 
by the formation of the m phase. Such a phase transformation is accompanied by 
a volume expansion leading to crack generation [203]. The reduction of the 
density can be recognised from the microstructures as shown in Fig. 5.2. 
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Figure 5.4 (a) Typical XRD patterns of the as-sprayed TC, the TCs thermally 
treated for 100 h, 200 h and 300 h in the 27-33o 2 range, which is used to 
calculate the m phase content. (b) The volume fraction of m phase of TCs, 
obtained from XRD measurements, as a function of thermal treatment time at 
1400C. The error bars stand for standard deviations, which are within the marks.   
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Figure 5.5 The density of TCs as a function of thermal treatment time at 1400°C.  
The error bars stand for standard deviations, which are within the marks. 
 
Fig. 5.6 gives the Young‟s modulus and hardness of the TCs as a function of 
thermal treatment time. The Young‟s modulus and hardness rapidly increase after 
a thermal treatment for 50 h, which is due to densification and necking between 
splats without a phase transformation. After that these properties are reduced by 
a thermal treatment for 100 h and then remain similar after further thermal 
treatment to 300 h. Because the m phase formation occurred rapidly after a 100h 
thermal treatment and is accompanied with around 4-6 % volume expansion, a 
reduction of toughness [105] and possible formation of new cracks occurs [203], 
which may lead to a decrease in the apparent Young‟s modulus and hardness of 
TCs.  Therefore, the mechanical properties of TCs are initially affected by the TC 
densification and then by the formation of the m phase in the TC. 
CHAPTER 5 MONOCLINIC PHASE EFFECT OF APS YSZ TOP COAT 
 Page 95 
0 50 100 150 200 250 300
50
100
150
 
 Young's modulus
 Hardness
Thermal treatment time (h)
Y
o
u
n
g
's
 m
o
d
u
lu
s
 (
G
P
a
)
2
4
6
8
10
12
H
a
rd
n
e
s
s
 (G
P
a
)
 
Figure 5.6 Young‟s modulus and hardness of TCs as a function of thermal 
treatment time. The black line and the red line indicate Young‟s modulus and 
hardness, respectively. The error bars give standard deviations.  
 
5.3.3 Impedance measurements of TCs 
Fig. 5.7 shows typical impedance Nyquist plots of free standing TCs before and 
after thermal treatment for different times. The impedance response was 
obviously affected by the thermal treatment. Basically two clearly separated arcs 
are produced for each sample in the Nyquist plots, except only less clearly 
separated arcs are displayed for the as-sprayed TC, which is due to overlapping 
between two semi-circles or arcs. A previous study has shown a similar 
phenomenon, ie. for an APS YSZ TC without a thermal treatment the two 
semi-circles (arcs) in the Nyquist plot and two peaks in the Bode plot are less 
clear than that for a thermally treated TC [116, 204]. The two semi-circles (arcs) 
for the as-sprayed TC reduced with thermal treatment for 50 h. However, with a 
thermal treatment from 100 h the diameter of the low frequency semi-circle in 
particular increased considerably, which coincides with the formation of the m 
phase as identified by XRD. The semi-circles at the high and low frequencies in 
the Nyquist plots normally relates to g and gb in polycrystalline ceramics [113].  
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However, since the conductivity of the m phase is comparable to that of the gb [28, 
110], the semi-circles corresponding to gb and the m phase overlap in these 
Nyquist plots. Also, it is reported that since the m phase is formed along gb, the m 
phase formation affects the semi-circle in the low frequency side [205]. Therefore, 
the large semi-circle at a low frequency is treated as a gb plus monoclinic m 
phase (gb+m) peak. 
  
Figure 5.7 A typical example of a Nyquist plot of free standing TCs thermally 
treated at 1400C. The graph on the left side represents a magnification of the 
small impedance range surrounded by square on the right side graph.  
Fig. 5.8 illustrates the Bode plots (Z’’ vs frequency) of the TCs before and after a 
thermal treatment, which gives a specific peak corresponding to the m phase 
[116]. Two peaks in Fig. 5.8 can be obviously seen at approximately 106 Hz and 
104 Hz for the as-sprayed TC and the TC thermally treated for 50 h, and a peak at 
a low frequency appears between 104 Hz and 103 Hz for TCs thermally treated for 
more than 100 h. This peak is thought to be associated with the formation of the 
m phase since the m phase is more electrically resistive than YSZ grains and 
                                                        
 Although the original Nyquist plot is not inversely proportional to its conductivity because of the 
difference of A/l ratios among the free standing TCs, Fig. 5.7 is drawn with a calibration based on 
the A/l ratio listed in Table 5.1 (in Page 101), meaning the diameter of the arc in Fig. 5.7 is 
inversely proportional to its conductivity.  
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grain boundaries [116]. In addition, XRD analysis has shown the formation of the 
m phase after thermal treatment for more than 100 h. Previous studies have also 
indentified that the peaks at around 106 Hz and 104 Hz correspond to g and gb 
respectively [28], and the peak between 104 Hz and 103 Hz is related to the m 
phase [116]. These plots again suggest an overlap between the m phase peak 
and gb peak. It should be noted here that the peak at 10-1 Hz is associated with 
the electrode effect [116]. 
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Figure 5.8 Typical examples of Bode plots (imaginary impedance (Z”) versus 
frequency (f)) of the free standing TCs. Indices: g=grain, gb=grain boundary, 
m=monoclinic phase, e=electrode.     
 
5.4 Discussion 
5.4.1 Relationship between the phase transformation and mechanical 
properties  
It is important to express the H/E ratio to examine the deformation capability of 
TCs as discussed in Section 4.4.1. Fig. 5.9 indicates the relationship between the 
m phase ratio and the H/E ratio. The H/E ratio is hardly altered until a 50 h 
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thermal treatment but then decreases with the formation of the m phase, implying 
the formation of the m phase leads to an increase in the capability for plastic 
deformation of TCs. The relationship between the m phase ratio (m) and the H/E 
ratio is linear and the best fit can be expressed by: 
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Figure 5.9 The relationship between the m phase content and ratio of measured 
hardness to the Young‟s modulus (H/E). The error bars give standard deviations.  
The blue line indicates the best fit relationship between the m phase content and 
the H/E ratio. The time inserted in the graph is thermal treatment time. 
Young‟s modulus, E, can be defined by Eq. 3-1 and Eq. 3-2 [169]. From Eq. 3-2, 
assuming the projected area of the elastic contact, A, is the same, the value of the 
reduced modulus, Er, is large when the slope of the unloading curve, S, is high, 
meaning a high degree of irreversible work and plastic deformation. In this case 
the Young‟s modulus of the sample, E, has a large value from Eq. 3-1 since the 
Poisson‟s ratio of the sample, , Young‟s modulus of the indenter, Ei and the 
Poisson‟s ratio of the indenter, i, are constant. Consequently, the sample having 
a high Young‟s modulus should show the trend to give a high plastic deformation 
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capability. It is reported that the Young‟s modulus of the m phase is larger than 
that of the t phase [206], therefore the m phase should have a higher plastic 
deformation capability than the t phase. Also cracks are generated accompanying 
the m phase formation [203], implying the m phase formation makes the samples 
more porous. The porous material should have the trend to give a high plastic 
deformation capability, as discussed in Section 4.4.1. As a result, because the 
Young‟s modulus of the m phase is larger than that of the t phase and the m 
phase formation is related to crack generation, the m phase contributes to the 
plastic deformation capability.  
5.4.2 Evolution of conductivities in TCs 
It has been reported that the g (grain conductivity) of a fully-dense material was 
not changed regardless of the thermal treatment condition [191] whereas the g 
and gb of a porous material changed depending on the density and the thermal 
treatment temperature [182, 183], suggesting that the effect of pores overlaps 
with that of both g and gb unless pores are filled with conductive material [192].  
Similarly, cracks or voids in TCs are not conductive, which should affect both 
semi-circles in their impedance spectra. For a TC thermally treated for 50 h, the 
densification of a TC with a reduction of voids and cracks in the TC leads to a 
reduction of impedance, ie a reduction of the semi-circles. Further thermal 
treatment for more than 100 h led to m phase formation and a volume increase, 
whereupon the effect of a thermal treatment on the impedance is less significant 
than that of the m phase formation. Since it is difficult to separate the effect of gb 
and the m phase and it is equally difficult to identify the effect of voids/cracks in 
the impedance spectra, it is necessary to simplify the equivalent circuit 
representing the TC with two elements as shown in Fig. 5.10.a.   
In this case, we assume one element represents YSZ grains in TCs with a 
contribution from voids or cracks. The other element represents gb and the m 
phase, plus an effect from voids and cracks. To simplify the explanation, we relate 
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the first element (the high frequency circle) to the g knowing it contains an effect 
from cracks/voids, and the second element to the gb plus m phase (the low 
frequency semi-circle) knowing it also contains an effect from crack/voids.  
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Figure 5.10 (a) Equivalent circuit model for a TC with Rg representing grains and 
Rgb+m representing grain boundaries plus the m phase. (b) The conductivity of 
grains and grain boundaries plus the m phase of free standing TCs as a function 
of thermal treatment time. The solid line and the broken line indicate the 
conductivity of grains and grain boundaries plus m phase, respectively.  
 
Fig. 5.10.b depicts the conductivity of g and gb plus the m phase as a function of 
thermal treatment time at 1400°C, which is given by: 
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where  is the resistivity,  is the conductivity, R is the diameter of the semi-circle, 
C is the capacitance and subscripts g and gb+m mean grains and grain 
boundaries plus the monoclinic phase, respectively. l stands for thickness of TCs 
and A is the electrode area [193]. The capacitance can be obtained according to: 
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where f represents the relaxation frequency. 
Table 5.1 gives the value of R and f for all the samples to calculate their 
conductivities. 
Table 5.1 The values of electrode area, A, sample thickness, l, resistance, R, and 
relaxation frequency, f, of free standing APS YSZ TCs. 
 
                              As-sprayed   50h     100h     200h    300h 
Electrode Area (A/m2)         1.83e-5  2.93e-5  2.25e-5   1.53e-5  2.05e-5 
Sample thickness (l/m)        8.00e-4  6.00e-4  7.00e-4   7.60e-4  5.50e-4 
A/l ratio (m)                  2.29e-2  4.88e-2  3.21e-2   2.01e-2  3.73e-2 
Resistance of grain (Rg/)     1.07e4   4.25e3   4.20e3   4.62e3   4.10e3 
Resistance of gb+m (Rgb+m/)  1.11e4   3.78e3   1.74e4   1.06e5   1.08e5 
Relaxation frequency of grain 
(fg/Hz)                       9.78e5   1.48e6   9.01e5   9.09e5   2.31e5 
Relaxation frequency of                
gb+m (fgb+m/Hz)                2.27e4   1.63e4   5.44e3   1.20e3   2.02e3 
gb=grain boundaries, m=monoclinic phase 
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The conductivity of gb+m (gb+m) is approximately two orders of magnitude lower 
than that of g (g), which is in accordance with previous reports [28, 194]. g 
dramatically rises after a thermal treatment for 50 h and then remains similar to a 
thermal treatment for 100 h, which indicates a significant reduction of 
voids/cracks in TCs. For a thermal treatment from 100 h to 300 h, there is a slight 
variation, indicating a much smaller change in the contents of voids and cracks in 
TCs. gb+m also increases moderately with thermal treatment for 50 h, which also 
suggests a reduction in voids and cracks, although to a much less extent inside g 
than at gb. For a thermal treatment from 100 h to 300 h, gb+m shows a steady and 
considerable decrease, which should be related to the formation of the m phase 
Although new cracks may be generated accompanying the formation of the m 
phase [203], these new cracks appeared not to affect g since g did not change 
considerably even after the formation of a significant amount of the m phase.  
This may be because these cracks formed due to the formation of the m phase 
are created near to the m phase [203]. Thurs, the reduction of the gb+m is due to 
the formation of the m phase and formation of new cracks.    
5.4.3 Effect of the monoclinic phase  
The blocking coefficient (R) was defined in a previous study to examine the effect 
of an insulating element in a conductive matrix [207]:  
                  
gbg
gb
R
RR
R

                 (5-5)  
Nevertheless, since the effect of gb and the m phase overlaps in the Nyquist plots 
in this study as discussed above, Eq. 5-6 is used as the blocking coefficient:  
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Here we apply this equation to examine the blocking effect of gb+m phase and 
calculate the blocking effect in TCs using the data given in Table 5.1. To show the 
relation between the blocking factor of gb+m (R) and the volume fraction of the m 
phase (m), Fig. 5.11 shows a plot of R vs m. 
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Figure 5.11 The relationship between the blocking coefficient and the volume 
fraction of the m phase of free standing TCs. The time inserted in the graph is the 
thermal treatment time. 
In a single phase polycrystalline material, R normally decreases with grain 
growth because of a reduction of gb area [201], therefore R decreases with 
thermal treatment for 50 h. Thereafter R increases with an increase in the m 
phase content. The apparent effect of the m phase formation on the blocking 
coefficient suggests that 1) the effect of m overlaps with that of gb in the 
impedance due to their comparable conductivity [28, 110], 2) the m phase may 
nucleate at gb [205], with possible new crack formation along the m phase [203].  
Therefore measurements of the blocking coefficient can be use to determine the 
formation of the m phase. 
On the other hand, although Young‟s modulus and hardness are not sensitive to 
the m phase formation since these mechanical properties of the samples 
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thermally treated for more than 100 h did not change as shown in Fig. 5.6 despite 
the formation of the m phase, gb+m, the H/E ratio, which indicates the plastic 
deformation capability of TBCs, may be more sensitive to the m phase formation 
than Young‟s modulus and hardness. Fig. 5.12 shows gb+m as a function of the 
H/E ratio. Although there is a large error bar in these measurements, an attempt 
has been made to fit this relationship with a linear equation as follows: 
E
H
mgb
34 10416.810625.4        (S/m).                     (5-7) 
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Figure 5.12 The conductivity of grain boundaries plus the monoclinic phase as a 
function of the ratio of measured hardness to the Young‟s modulus (H/E).  The 
error bars stand for standard deviations. The blue line indicates the best fit 
relationship between conductivity of gb+m and the H/E ratio except for the 
as-sprayed TC. The time inserted in the graph is the thermal treatment time. 
Indices: gb=grain boundaries, m=monoclinic phase. 
Both Fig. 5.12 and Eq. 5-7 suggest that there is a relationship between the 
mechanical properties and measured electrical properties. However, the data 
from the as-sprayed TC is not included because this relationship only examines 
the effect of the m phase formation, not the effect of the sintering on the 
deformation ability of TCs. 
It should be noted that such a relation can not be applied to extreme situations, ie. 
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when the H/E ratio is less 0.055, which means the m phase content is higher than 
40%, since then gb+m becomes negative, which is not reasonable. However, for 
normal TCs, the m phase content should be much less than 40% for gas turbines 
used at temperatures lower than 1400°C [9], this relationship may be applicable 
to APS YSZ TCs in general. 
5.5 Conclusions 
Free standing APS TCs comprising ZrO2-8 wt% Y2O3 were thermally treated at 
1400C for up to 300 h. The impedance of the as-sprayed and the thermally 
treated TCs were measured at 400C and the Young‟s modulus and hardness of 
these TCs were obtained with an indentation technique. In addition, the m phase 
content was measured using XRD. Based on the above measurements, the 
following conclusions have been obtained. 
i) The m phase was not generated until a thermal treatment for 50 h and in this 
interval the Young‟s modulus, hardness and the conductivities increased 
because of the disappearance of pores, which can be recognised from an 
increment of density. 
ii) When the TCs were thermally treated for more than 100 h, the m phase was 
formed and the density was reduced, consequently the Young‟s modulus and 
hardness decreased. Also, the formation of the m phase increased the plastic 
deformation capability and decreased the electrical conductivity of TCs. 
iii) Although the conductivity of the m phase is close to that of gb of YSZ, the 
formation of the m phase can be detected based on measurements of Bode 
plots (imaginary impedance (Z”) versus frequency (f)) or the blocking 
coefficient. 
iv)The relationship between H/E and the fraction of the m phase in TCs suggests 
that the formation of the m phase is associated with an increase in deformation 
capability of TCs. 
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Chapter 6 
Relationship between stress of alumina scales on 
Fecralloy and its electrical properties 
 
6.1 Introduction 
The stress situation of the TGO layer is very important as the ceramic TC is 
usually delaminated at or near the TGO layer [11]. The residual compressive 
stress of the TGO layer can be measured with a PLPS [208-210] while the 
thickness of the TGO can be determined with IS since the electrical property of 
the TGO is quite different from that of the TC [117]. Although the TGO stress is 
changed during a high temperature thermal treatment, and it is important to 
predict the residual life of a TBC [211], the change of the TGO stress is not taken 
into account when IS is used to investigate the change of microstructures of the 
TBC system or the TGO thickness. Since it is reported that electric properties 
such as the resistance and the conductivity are affected by the stress [212], it is 
important to recognize how the stress in the TGO affects its electric properties. 
In this chapter TGOs having the different thicknesses and different stresses were 
fabricated by oxidation of Fecralloy substrates with different thermal treatment 
conditions and substrate thicknesses, and the relationship between the TGO 
stress and its electric properties were investigated using IS. 
6.2 Experimental procedure 
In order to make alumina scale on Fecralloy substrates, the Fecralloy substrates 
with different thicknesses, 0.15-0.9 mm, were thermally treated in the range 
between 1000C and 1200C for different periods up to 25 h with heating and 
cooling rates of 3Kminute-1. The details of sample preparation have been given in 
Section 3.1.3. 
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Although silver is normally used as electrodes in impedance measurements and 
thermally treated at 690C for 30minutes to remove the organic component in the 
silver paste and promote adhesion of the silver paste to the sample, it is reported 
that silver diffuses into an alumina several m along gb during the thermal 
treatment at 690C for 30minutes [213]. Since the thickness of the TGO is smaller 
than the penetration depth of the silver diffusion during the thermal treatment and 
silver is much more conductive than alumina, this silver diffusion may affect the 
results of impedance. Therefore, in this study conductive carbon tape for SEM or 
EDX applications (Agar Scientific Ltd., UK) was used as the electrodes instead of 
silver. The conductive carbon tapes were glued to both sides of the thermally 
treated Fecralloy substrates. Impedance measurements were carried out at 
300C using a Solartron SI 1255 HF frequency response analyser coupled with a 
Solartron 1296 dielectric interface controlled by a computer. Three samples were 
measured for each thermal treatment condition and the impedance 
measurements were carried out at least twice for each sample. Although it is 
reported that carbon diffusion along gb in an alumina poly-crystalline affects its 
electrical properties when the alumina polycrystalline sample was sintered at 
1500C [214], 300C is too low temperature to take into account the carbon 
diffusion into the alumina polycrystalline. Therefore, it is assumed that the 
influence of the carbon diffusion is negligible in this study. The residual stresses in 
the TGO layers were measured using a Renishaw Ramanscope 1000 
(RenishawTM, Gloucestershire, UK). The details of the measurement of 
impedance, the residual stress measurement in the TGO layers by PLPS and the 
microstructural characterisation are given in Chapter 3. 
6.3 Results 
6.3.1 Influence of the substrate thickness 
Fig. 6.1 shows the cross sections of the TGO on the different substrate 
thicknesses thermally treated under identical conditions, 1100C for 4 h. The TGO 
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thickness was not changed, which is approximately 0.9 m, regardless of the 
substrate thicknesses although it is reported that the TGO thickness is thicker 
with a thick substrate thermally treated at 1200C for 4 h [215]. Fig. 6.2.a and Fig. 
6.2.b indicate the Nyquist plots and the Bode plots, respectively, of the different 
substrate thicknesses with the same thermal treatment conditions, 1100C for 4 h. 
The diameters of the Nyquist plots become larger with an increase of the 
substrate thickness. Although one semi-circle can be seen in the Nyquist plots, 
two peaks exist in the Bode plots at around 102 and 105 Hz. Hence there may be 
two semi-circles in the Nyquist plots with overlapping of these semi-circles as the 
impedance corresponding to around 105 Hz is much smaller than that around 102 
Hz.  
Fig. 6.3 gives the residual compressive stress and the conductivity of the TGO 
layer as a function of the substrate thickness. The relationship between the 
compressive stress in the TGO layer and the R2 peak shift was expressed by:   
 ij
3
2
                     (6-1)  
where  and  are the peak shift in a PLPS measurement and the compressive 
stress in the TGO layer, respectively, and ij is the piezospectroscopic 
coefficients of the R2 peak, which is 7.61 cm
-1/GPa [120]. In this study only the 
peaks relating to  alumina can be detected therefore the affects of the  phase 
are not taken into account.  
The conductivity of the TGO layer, , can be calculated by: 
         


1
 ,  
l
A
R
2
                 (6-2) 
where R is the resistance, which is the diameter of the semi-circle in the Nyquist 
plots, A and l mean the electrode area and the sample thickness, respectively.  
Note that the electrodes were connected on both sides of the TGO formed on the 
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Fecralloy substrate, therefore two TGO layers were measured in this study.  
The TGO compressive stress increases with an increase of the substrate 
thickness. The conductivity of the TGO layer decreases with an increase of the 
substrate thickness, meaning the conductivity of the TGO layer is observed to 
decrease with an increase of the TGO compressive stress. 
 
   
   
Figure 6.1 The cross sections of the TGO layers thermally treated at 1100C for 4 
h with substrate thicknesses of (a) 0.9 mm, (b) 0.65 mm, (c) 0.35 mm, and (d) 
0.15 mm. 
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Figure 6.2 Typical examples of (a) Nyquist plots and (b) Bode plots of the TGO 
layers thermally treated at 1100C for 4h with substrate thicknesses of 0.9 mm, 
0.65 mm, 0.35 mm, and 0.15 mm. 
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Figure 6.3 The residual compressive stress and the conductivity in the TGO layer 
as a function of the substrate thickness. The black and the red lines indicate the 
stress and the conductivity in the TGO layer. Error bars stand for standard 
deviations. 
6.3.2 Influence of the TGO thickness 
Fig. 6.4 shows the fracture surfaces of different TGO thicknesses thermally 
treated under different conditions with a substrate thickness of 0.9 mm. The TGO 
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thicknesses are approximately 0.7 m, 0.9 m and 1.2 m for the samples 
thermally treated at 1000C for 25 h, 1100C for 4 h and 9 h. The TGO fracture 
surfaces consist of two layers, the upper equi-axed grains and the lower columnar 
grains regardless of the thermal treatment conditions and the TGO thickness.  
The thickness of the upper equi-axed grains is approximately 30-40 % of the 
entire TGO thickness for all thermal treatment conditions in this study despite the 
fact that it is reported that only equi-axed grains are formed at an early stage of 
the thermal treatment and then columnar grains grow [92]. Therefore, both 
columnar grains and equi-axial grains are formed until the TGO layer grows to 0.7 
m. Fig. 6.5 and Fig. 6.6 indicate the Nyquist plots and the Bode plots, 
respectively, of the different thermal treatment conditions, 1000C for 25 h, 
1100C for 4 h and 9 h, with a substrate thickness of 0.9 mm. The diameter of the 
Nyquist plots increases with growth of the TGO layer. Whereas one semi-circle is 
depicted in the Nyquist plots, two peaks are drawn in the Bode plots, which is the 
same situation as with different substrate thicknesses (Section 6.3.1). 
   
   
 
Figure 6.4 The fracture surfaces of the TGO layers thermally treated at (a) 
1000C for 25 h, (b) 1100C for 4 h, (c) 1100C for 9 h. 
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Figure 6.5 Typical examples of Nyquist plots of the TGO layers with a substrate 
thickness of 0.9 mm thermally treated at 1000C for 25 h, 1100C for 4 h and 9 h. 
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Figure 6.6 Typical examples of Bode plots of the TGO layers with the substrate 
thickness of 0.9 mm thermally treated at 1000C for 25 h, 1100C for 4 h and 9 h. 
 
6.4 Discussion 
6.4.1 Effect of TGO stress 
The stress in the oxide must be balanced by a stress in the substrate. Due to 
creep at the oxidation temperature the growth stress in the TGO layer is relaxed. 
Since the thermal expansion coefficient of the TGO layer is smaller than that of 
the substrate, a compressive stress occurs in the TGO layer at room temperature. 
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The source of the TGO compressive stress is the substrate, thus a thicker 
substrate makes a larger compressive stress in the TGO layer. 
Although Zhao et al. [215] have reported that a thicker TGO layer was formed on 
a thick substrate under identical thermal treatment conditions, 1200C for 4 h, due 
to the higher growth stress, the TGO thickness thermally treated at 1100C for 4 h 
is not changed regardless of the substrate thickness. Since the TGO thickness 
thermally treated at 1100C for 4 h is thinner than that thermally treated at 1200C 
for 4 h, the difference of the TGO thickness which is dependent on the substrate 
thickness is assumed to be negligible. 
The conductivity of the TGO layer decreases with an increase of the substrate 
thickness and the TGO residual compressive stress while, Zhao et al. [215] have 
reported a TGO conductivity increase with an increase of the substrate thickness 
and a TGO compressive stress. This means that the trend of the relationship 
between the compressive stress and the TGO conductivity in this study is 
opposite from [215]. The same Fecralloy substrates in this study were used and 
thermally treated at 1200C for 4 h as in Ref [215]. The opposite trend about the 
relationship between the TGO conductivity and the TGO residual compressive 
stress can be seen when the thermal treatment temperature is different despite 
the fact that the same Fecralloy substrates were used. There are two possible 
reasons of these opposite trends, which are different thermal treatment 
temperatures and different electrodes. Due to the low thermal treatment 
temperature and the thin TGO thickness, the difference of the TGO growth rate 
dependent on the substrate thickness was not taken into account in this study.  
Another is that Zhao et al. [215] used a silver paint as electrodes, which may 
affect the impedance. The TGO conductivities in [215] are considerably different 
from that in [216] despite the fact that both of them have used the same Fecralloy 
and the same thermal treatment temperature, in which the TGO conductivity in 
[215] is more than two orders of magnitude lower than that in [216] at the same 
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measurement temperature. These differences may be due to the influence of 
silver diffusion into the TGO layer. However, the influence of silver electrodes on 
impedance is still obscure, therefore more research is required in future. 
M‟Peko et al. [212] have reported that the conductivity of a cold pressed and 
sintered YSZ sample was affected by the stress. The conductivity of a YSZ 
poly-crystal sample parallel to the uni-axial compressive stress direction 
increases while the conductivity perpendicular to the compressive stress direction 
decreases by comparison with the conductivity of the stress-free YSZ sample. 
These results indicate that stress orientation is an important factor to consider 
when trying to understand the electrical response of materials under mechanical 
loads. In the case of the TGO layer formed on a substrate, the residual 
compressive stress is generated along the in-plane direction (x and y axes) while 
the stress is free along the thickness direction (z axis). Therefore, the deformation 
along the z axis is of the opposite sign with the x and y axes (z=-x=-y, where 
 is Poisson‟s ratio; =0.25 for alumina [28]), meaning a tensile deformation. The 
direction of the TGO conductivity measured in this study is not an in-plane 
direction generating a compressive stress but the thickness direction which 
should have a tensile stress. Since ionic conduction is dominant in alumina at low 
temperatures (e.g., below 1000C) [217], an ionic conduction process along the 
thickness direction occurs across the stress direction along which the interionic 
spaces are reduced, thus limiting charge carrier mobility [212]. Therefore, the 
conductivity along the thickness direction is reduced with an increase of the 
bi-axial stress along the in-plane directions and the substrate thickness. 
The electrical modulus is frequently used to express the detail of impedance 
results, which can be given by [218]: 
                       "' MMZCjM o                  (6-3)  
where  is the angular frequency, 2f, Co is the vacuum capacitance of the empty 
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measuring cell, 
k
C oo

 , o is the permittivity of free space, 8.854×10
-12 F/m, k is 
the cell constant, 
A
l
k  , where A is the area of electrode, l is the TGO thickness, 
j= 1 , Z is impedance. Assuming an equivalent circuit of the oxide layer as an 
RC circuit, the equation relating M’ and M” can be established as [218]: 
                   222 )
2
()"()
2
'(
C
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M
C
C
M oo             (6-4)  
where 
                   
l
A
C o

                          (6-5) 
here  is the dielectric constant of the TGO layer. So that, M‟-M” modulus plots 
give a semi-circular arc with the centre located at (
C
Co
2
, 0). The diameter of the 
modulus plots, Dm, can be given by [218]: 
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m                 (6-6) 
Thus, assuming the TGO thickness is a constant, the diameter of the modulus 
plots, Dm, is inversely proportional to the dielectric constant of the TGO layer, .  
Note that when the modulus spectra are obtained with Eq. 6-3 and the diameter of 
the semi-circle, Dm, can be expressed with Eq. 6-6, the unit of the modulus 
spectra is dimensionless since the dielectric constant, , is also dimensionless 
Fig. 6.7.a shows the modulus spectra of the TGO layers with different substrate 
thicknesses. The modulus spectra for all samples consist of two semi-circles.  
Fig 6.7.b indicates the diameter of modulus plots as a function of the substrate 
thickness. The diameter of the high frequency semi-circle is almost constant 
regardless of the substrate thickness, whereas that of the low frequency 
semi-circle increases with an increase of the substrate thickness. The 
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capacitance of the TGO layer can be given as: 
              
Rf
C
2
1
                                  (6-7) 
where R is the resistance of the TGO, which is the diameter of the semi-circle in 
Nyquist plots, and f is the relaxation frequency. Using Eq. 6-5 and Eq. 6-7, the 
dielectric constant of the TGO layer, , can be expressed by: 
           
ARf
l
A
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
2
                               (6-8) 
Fig. 6.8 gives the dielectric constant of the TGO layer calculated using the 
diameter of semi-circles in the modulus spectra and Eq. 6-8 as a function of the 
substrate thickness. The dielectric constant can be expressed as an inverse of 
the diameter in the modulus plots as shown in Eq. 6-6. The dielectric constants of 
the TGO layers calculated with the low frequency semi-circle in the modulus 
spectra decreases with an increase of the substrate thickness and are 
comparable values with that calculated from Eq. 6-8, while the dielectric constants 
calculated with the high frequency semi-circle in the modulus spectra are 
constant regardless of the substrate thickness and their values are considerably 
different from that calculated from Eq. 6-8. Since not only qualitative results but 
quantitative values calculated using the low frequency semi-circle in the modulus 
spectra and Eq. 6-8 are comparable, the low frequency semi-circle should 
correspond to g which occupy almost all the volume of the TGO layer. The high 
and low frequency semi-circles in Nyquist plots relate to g and gb in a 
poly-crystalline YSZ since the gb play the role of the blocking effect for the flow of 
oxygen ions and the conductivity of gb is lower than that of g [115]. On the other 
hand, since the conductivity of gb in a poly-crystalline alumina is normally higher 
than that of g due to an impurity segregation along the gb [28, 219], the g should 
play the role of the blocking effect. Therefore, high and low frequency semi-circles 
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in the modulus spectra and peaks in Bode plots may correspond to gb and g, 
respectively. 
Consequently the dielectric constant of the TGO layer along the thickness 
direction reduces with an increase of the bi-axial stress along the in-plane 
direction and the substrate thickness, which may relate to the reduction of the 
interionic spaces and the limitation of the charge carrier mobility [212]. 
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Figure 6.7 (a) The modulus spectra of the TGO layer with different substrate 
thicknesses thermally treated at 1100C for 4 h, (b) the diameter of the 
semi-circles in the modulus spectra as a function of the substrate thickness.  
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Figure 6.8 The dielectric constants of the TGO layer calculated from the low and 
high frequency semi-circles in the modulus plots and Eq. 6.8 as a function of the 
substrate thickness. The black and the red marks indicate the dielectric constant 
calculated from the inverse of the diameter of the low and high frequency 
semi-circles, respectively. The solid marks indicate the dielectric constant 
calculated from Eq. 6-8.  
6.4.2 Effect of the TGO thickness 
Assuming that the dielectric constant is constant, the modulus spectrum can be 
expressed by the following equation [216]: 
                  "' MMZjM                   (6-9) 
In this case, the equation relating M’ and M” can be given as: 
              222 )
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The M‟-M” modulus plots give a semi-circular arc with the centre located at (
C2
1
, 
0), and the diameter, Dm, in the modulus spectrum can be given as: 
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Therefore, assuming the dielectric constant of the TGO layer, , is fixed, the 
diameter of the modulus plots, Dm, is proportional to the TGO thickness. 
Fig. 6.9.a shows the modulus spectra of the TGO layer thermally treated with 
different conditions, 1000C for 25 h, 1100C for 4 h and 9 h, giving different TGO 
thicknesses, 0.7 m, 0.9 m and 1.2 m, respectively. All spectra consist of two 
semi-circles. Note that when the modulus spectra are calculated with Eq.6-9 and 
the diameter of the semi-circle, Dm, can be expressed with Eq. 6-11, the unit in the 
modulus spectra is the inverse of the capacitance, F-1. Fig. 6.9.b gives the 
diameters of the semi-circles in the modulus plots as a function of the TGO 
thickness. While the diameter of the high frequency semi-circles are not changed 
regardless of the thermal treatment conditions and the TGO thickness, the low 
frequency semi-circles increase with an increase of the TGO thickness 
proportionally. Since the diameter of the modulus spectra is proportional to the 
TGO thickness [218], the low frequency semi-circles should correspond to g 
which occupies almost all the volume of the TGO layer. 
Using the samples having different substrate thickness from 0.15 mm to 0.9 mm, 
the electric constant of the g is variable from around 20 to 12.5 while that of gb is 
around 7 regardless of the substrate thickness as discussed in Section 6.4.1. (Fig. 
6.8) On the other hand, using the samples having different TGO thickness with 
the identical substrate thickness of 0.9 mm, the dielectric constant of g calculated 
from the slope of the relationship between the diameters of the low frequency 
semi-circles and the TGO thickness in Fig. 6.9.b, which is represented by 
l
Dm , 
and Eq. 6-11 is around 12.5. This value is slightly higher than a literature value of 
the dielectric constant of a pure alumina, 10 [28]. This may be because of the 
impurities in g, meaning g may not be a pure alumina.  However, since the 
dielectric constant of gb, which should involve more impurities than g, is lower 
than that of g in Fig. 6.8, more research is required to recognise which impurity 
affects the dielectric constant of g and gb.  
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Consequently, the information about g and gb in the TGO layer could be obtained 
using conductive carbon tape electrodes. The diameter of the semi-circle relating 
to g increases with an increase of the TGO thickness proportionally. The dielectric 
constant calculated from the slope of the relationship between the diameter of the 
semi-circle corresponding to g is slightly higher than the literature value of that of 
an alumina. 
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Figure 6.9 (a) The modulus spectra of the TGO layer thermally treated with 
different conditions, 1000C for 25 h, 1100C for 4 h and 9 h, (b) the diameter of 
the semi-circles in the modulus spectra as a function of the TGO thickness.  
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6.5 Conclusions 
(i) The TGO layer consists of two layers, equi-axed grains and columnar grains.  
The thickness of equi-axed grain layer is constant regardless of the TGO 
thickness and the thermal treatment conditions when the TGO thickness is 
more than 0.7 m. 
(ii) Although one semi-circle can be drawn in the Nyquist plots for all types of TGO 
layers, two peaks and two semi-circles in the Bode plots and the modulus plot 
are obtained. These two peaks and semi-circles at low and high frequency may 
correspond to grains and grain boundaries, respectively. 
(iii) For oxidation at 1100C, the TGO compressive stress along the in-plane 
direction increases and the conductivity of the TGO layer in the thickness 
direction decreases with an increase of the substrate thickness. The dielectric 
constant of grains in the TGO layer decreases from 20 to 12.5 with an increase 
of the TGO compressive stress when the thickness of the substrate increases 
from 0.15 mm to 0.9 mm, whereas that of grain boundaries is almost constant 
regardless of the TGO stress, which is around 7. 
(iv) For the oxidation with temperature changing from 1000C to 1200C, the 
diameter of the modulus spectra corresponding to grains increase with an 
increase of the TGO layer proportionally. Using the substrate thickness of 0.9 
mm, the dielectric constant of the grains calculated from the slope of the 
relationship between the diameter of the modulus spectra and the TGO 
thickness is around 12.5, which is slightly higher than the literature value of 
the dielectric constant of a pure alumina. 
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Chapter 7 
Investigation of the delamination behaviour of air plasma 
sprayed thermal barrier coatings after thermal 
treatments 
 
7.1 Introduction 
Thermal treatments of TBCs lead to the formation of a TGO and then generate 
residual stresses when the TBCs are cooled down. A variation of residual 
stresses close to the TGO induces delamination in the TBCs [31, 220], which 
should cause cracking or decohesion and weaken the adhesive strength of the 
interfaces in TBCs, which relates to the cracking and decohesion behaviour. An 
expansion of a debonded area crack relates to the fracture toughness along the 
interface. Hence it is important to know or measure the interfacial fracture 
toughness in TBCs and how the interfacial fracture toughness in TBCs varies 
after thermal treatments, quantitatively. 
The interfacial fracture toughness can be expressed by the energy release rate 
and the stress intensity factor. Although the energy release rate of the interface of 
the TGO and the metallic substrate without a TC have been measured with a 
compression test [160], this method is only relevant for a dense coating. Since 
APS TCs are porous and have anisotropic microstructures, a compression test is 
not suitable to obtain the interfacial fracture toughness in TBCs with APS TCs.  
For the case of a tensile test, it is important to recognise the initial debonding of a 
TC at the TC/BC interface to calculate the energy release rate and the stress 
intensity factor in TBCs. However, it is difficult to detect the initial debonding of the 
TC at the TC/BC interface from the load-strain curve since the curve is smooth 
without a load drop even when vertical cracks occur in the TC [160]. Therefore a 
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tensile test is not suitable to obtain the interfacial fracture toughness in TBCs. 
Since a compressive test and a tensile test are not relevant to measure the 
interfacial fracture toughness of interfaces in TBCs with APS TCs, in this chapter 
we adopted four point bending tests to make the TC delaminate from the 
substrate and thereby to measure the interfacial fracture toughness. Since the 
Young‟s modulus of a BC is generally comparable with the substrate, which is 
around 180-220 GPa [221-223], hereafter the expressions of „substrate‟ include a 
BC in this chapter. In addition, the delamination behaviour and evolution of the 
interfacial fracture toughness during thermal treatments have been also 
investigated. Here the TBCs were thermally treated at 1050C for up to 200 h 
when the ceramic top coat became completely delaminated. The interfacial 
fracture toughness, which is the energy release rate and the stress intensity factor, 
through the life time of the TBCs has been obtained using four point bending 
tests. 
7.2 Experimental procedure 
The TBC samples used in this study consist of ZrO2-5 wt% CaO, NiCoCAlY, and 
Ni-base IN718 superalloy as the TC, the BC and the substrate, respectively. The 
thickness of the TC, the BC and the substrate are approximately 200 m, 100 m 
and 5 mm, respectively. The substrate was cut to give a thickness of around 2 
mm before thermal treatments. The TBCs were thermally treated at 1050C for up 
to 200 h. In order to ensure TC delamination along the TB/BC interface, a notch 
was made at the middle of the four point bending sample and „stiffeners‟, which 
was sliced from the substrate before the thermal treatment, was glued to the TC.  
The detail of sample preparation was described in Section 3.1.4.  
The local Young‟s moduli of the TC were measured with a micro-indentation 
technique. The fraction of the m phase in the TC was calculated from the results 
of XRD. The four point bending tests were carried out with two types of machine, 
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an Instron 5569 machine and a four point bending tool which can be used on the 
stage of an optical microscope. The experimental details of the four point bending 
tests, the micro-indentation technique, the measurements of XRD and the 
microstructural characterisations were described in Chapter 3. 
7.3 Results 
7.3.1 Microstructures 
Fig. 7.1 gives the microstructures of a TBC thermally treated for 100 h before and 
after the four point bending test. Fig. 7.1.a, 7.1.b, and 7.1.c show the cross 
sections of TBCs before the four point bending test, with a cross head 
displacements of 80 m and 100 m, respectively. No crack can be seen until a 
crosshead displacement of 80 m as shown in Fig. 7.1.b and then immediately a 
large crack was generated at a crosshead displacement of 100 m as shown in 
Fig. 7.1.c. The length of the large crack is more than a few mm as shown in Fig. 
7.1.d. The large crack propagates in the TC near the TC/BC interface, which is 
the typical crack propagation morphology regardless of the thermal treatment 
time including the as-sprayed unannealed TBC. Fig. 7.2 gives high magnification 
images at the TC/BC interfaces after four point bending tests. Since the BC was 
also deposited using APS, oxides can be seen in the BC even before the thermal 
treatment, as shown by the arrows in the BC in Fig. 7.2.a. The fraction of oxides 
in the BC increases with the thermal treatment time. In addition, a TGO is formed 
at the TC/BC interface after the thermal treatment. The crack in the TBCs usually 
propagates near the TC/TGO interface in the TC, however these cracks 
occasionally propagate into the TGO after thermal treatment as shown in Figs. 
7.2.b ~7.2.d. 
Fig. 7.3 gives the TGO thickness as a function of the thermal treatment time. The 
growth of TGO is controlled by a diffusion mechanism, therefore the growth rate 
of the TGO basically follows a parabolic function with the oxidation up to spalling 
[85]. In order to show a parabolic function with the oxidation time, the horizontal 
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axis in Fig. 7.3 is the square root of the oxidation time. The relationship between 
the TGO thickness and the square root of the oxidation time is linear. 
 
 
    
 
  
Figure 7.1 The cross sections of a TBCs thermally treated for 100 h during a four 
point bending test. The crosshead displacement in (a) is zero, in (b) is 80 m and 
in (c) is 100 m. (d) indicates the long crack at the same displacement as in (c) at 
low magnification. The crack is indicated by arrows in (c) and (d). 
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Figure 7.2 Cross sections at the interface between the TC and the BC in (a) the 
as-sprayed TBC, TBCs thermally treated for (b) 10 h, (c) 100 h and (d) 150 h after 
four point bending tests. The oxides, which are grey areas, can be seen in the BC.  
The crack includes the TC and the TGO in the samples after thermal treatment.  
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Figure 7.3 The relationship between the TGO thickness and the square root of the 
oxidation time. The error bars stand for standard deviations. 
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The initial crack starts from the weakest adhesion point. Due to the elastic or 
thermal discontinuity and the formation of a TGO, the weakest point should be the 
TC/TGO interface or the TGO/BC interface if the interface is flat. However, these 
interfaces in the TBC system have asperities. Rosler et al. [224] and Busso et al. 
[225] have reported the detail stress situations near the TC/TGO interface and the 
TGO/BC interface with finite element modelling when these interfaces have 
asperities. According to their results, along the thickness direction a huge tensile 
stress is generated near the TC/TGO interface in the TC at a peak (region I in Fig. 
7.4). Also the stress situation of the TGO along the thickness direction is tensile at 
a peak (region II in Fig. 7.4). Besides, the stress situation in the TC along the 
thickness direction is tensile between peaks (region III in Fig. 7.4). On the other 
hand, compressive stress along the thickness direction is generated in the TC at 
a valley (region IV in Fig. 7.4). Therefore, a crack normally does not propagate 
along the TC/TGO interface or the TGO/BC interface. Instead, the crack mainly 
propagates in the TC and occasionally includes the TGO at the peak, meaning 
the crack propagates in the regions I~III in Fig. 7.4, which is similar with the 
observed result. (Fig. 7.2.b~d)   
 
Figure 7.4 Schematic diagram of the specific regions with specific stress 
situations near the TC/TGO interface and the TGO/BC interface.   
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7.3.2 Four point bending tests  
Fig. 7.5 gives a typical example of the strain measurement for the TBC thermally 
treated for 100 h during a four point bending test with the four point bending tool 
on the optical microscope, which is the same TBC as in Fig. 7.1. In Fig. 7.5, the 
first 30 seconds stands for no crosshead displacement, thereafter five steps of the 
strain can be seen, in which each step stands for an increment of the crosshead 
displacement of 20 m. Since it took a few minutes to take a microstructural 
image, the period of each step means the time to take an image. The strain steps 
are reproducible until the fourth step, which is a crosshead displacement of 80 m, 
due to no TC delamination as shown in Fig. 7.1.b, while the strain significantly 
drops at the fifth step, which is a crosshead displacement of 100 m, due to the 
large crack propagation as shown in Fig. 7.1.c. The result of the strain 
measurement is similar for all TBCs regardless whether they are thermally treated 
or not. 
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Figure 7.5 Typical example of the strain measurement for the TBC thermally 
treated for 100 h during a four point bending test with the four point bending tool 
on the optical microscope. The crosshead displacement is written in the figure.  
The strain drops significantly at the crosshead displacement of 100 m when the 
TC is delaminated. 
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Fig. 7.6 shows a typical example of the load-displacement curve for the 
as-sprayed TBC during a four point bending test with the Instron 5569. The 
relationship between the load and the crosshead displacement is linear, showing 
an elastic behaviour, until a critical load. After the critical load, it drops significantly.  
This reduction of the load is thought to be due to crack generation or delamination 
of the TC. Then the load increases again due to the slow crack propagation or just 
the bending of the substrate. This critical load to induce delamination of the TC, 
Po, is approximately 71 N for the as-sprayed TBC, while the load displacement 
curve is similar for all of TBCs. The critical loads depend on the thermal exposure 
time. 
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Figure 7.6 Typical example of the relationship between the load and the 
crosshead displacement for the as-sprayed TBC during a four point bending test.  
The load drops significantly after the first maximum due to the top coat 
delamination. 
7.3.3 Variation of the characteristics in the top coat – Phase transformation 
and Young’s modulus 
Fig. 7.7.a shows typical examples of the XRD profiles, which were used to 
calculate the volume fraction of the m phase in the TCs. The t(101), )111(m  and 
m(111) peaks in a range of 2 between 27o and 33o were used to obtain the 
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volume fraction of the m phase. The peaks correlated with an m phase increase 
with the thermal treatment time. Based on the intensity of these peaks, Eq. 3-3 
and Eq. 3-4, the volume fraction of the m phase can be obtained. Fig. 7.7.b gives 
the relationship between the volume fraction of the m phase and the thermal 
treatment time at 1050C. No m phase occurs in the as-sprayed TC while the m 
phase is formed by the heat treatment. The phase transformation from the t to m 
phase occurs with the content of the m phase increasing to around 4 % after 150 
h thermal treatment 
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Figure 7.7 (a) Typical XRD patterns of the as-sprayed TC, samples thermally 
treated for 10 h and 100 h in the 27-33o 2 range, which were used to calculate 
the m phase content. (b) The volume fraction of the monoclinic phase of TCs, 
obtained from XRD measurements, as a function of thermal treatment time at 
1050C. The error bars stand for standard deviations.  
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Fig. 7.8 gives the Young‟s modulus of the TCs as a function of the thermal 
treatment time. The Young‟s modulus of the TCs increases with the thermal 
treatment time up to 50 h and then it is most probably constant. This initial 
increment is because of the sintering. These values were used to calculate the 
energy release rate and the stress intensity factors. The Young‟s modulus of the 
substrate is assumed to be 200 GPa regardless of the thermal treatment time, 
which is the result from the indentation tests. 
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Figure 7.8 Young‟s modulus of the TCs as a function of the thermal treatment time.  
The error bars give standard deviations. 
 
7.4 Discussion 
7.4.1 Calculation of the energy release rate 
The energy release rate, G, for interfacial cracking between two elastic layers, 
which are a coating and a substrate, according to Suo and Hutchinson [144, 152] 
is given by: 
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where ci is the compliance parameter, P and M are load parameters, A, I and  are 
geometric parameters, h is the coating thickness. 
The compliance parameter, ci, is given by: 
     
i
i
ic

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  (i=1,2)                                (7-2)  
with =3-4 (i=1,2) for plane strain and 
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 (i=1,2) for plane stress,  
(i=1,2) is the Poisson‟s ratio,  (i=1,2) is the shear modulus which can be 
expressed as:  
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Ei (i=1,2) is the Young‟s modulus. When problems in elasticity are treated 
satisfactorily by two-dimensional elasticity, this situation is plane strain, while 
plane stress means that the geometry of the body is essentially that of a plane 
with one dimension much smaller than the others. Since normally both in-plane 
and through thickness direction must be taken into account in the mechanical 
tests, whether it is a compressive test, a tensile test and a four point bending test, 
to calculate the energy release rate, the deformation in these mechanical tests 
must be considered as plane strain. Therefore, 143  i (i=1, 2) must be 
adopted to calculate G. Other geometric parameters, A, I, , the stiffness ratio: , 
the relative height, :  
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H
h
                                                     (7-6)  
where h and H is the thickness of the coating and the substrate, respectively and 
the subscripts 1 and 2 in Eqs. 7-1~7-5 means the coating and the substrate, 
respectively. P and M in Eq. 7-1 are load parameters. The definition of load 
parameters is given in [147] and introduced in Fig. 7.9. Each material is taken to 
be isotropic and linearly elastic with material #1 lying above the interface which 
coincides with the x1-axis and material #2 below. A semi-infinite crack lies along 
the negative x1-axis with the tip at the origin. The uncracked bi-material layer can 
be regarded as a composite beam with a neutral axis lying a distance h above 
the bottom of layer #2. The structure is loaded as is shown in Fig. 7.9.a. Overall 
equilibrium provides two constraints among the six load parameters. 
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where P1, P2 and P3 are loads per unit width of the sample, and M1, M2 and M3 are 
moments per unit width of the sample. Hence, only four among the six are 
independent, P1, P3, M1 and M3. The moments and load situations in Fig. 7.9.a 
are exactly the same as those in Fig. 7.9.c when the situations in Fig. 7.9.b are 
superimposed. This superimposition shows that the number of load parameters 
controlling the crack tip singularity can be reduced to only two, P and M, given by:  
    h
M
CPCPP 32311 
,   
331 MCMM 
                        
(7-8) 
P and M in Eq. 7-8 are used in Eq. 7-1. The coefficients of the load parameters, 
C1, C2, C3, the dimensionless effective cross-section, Ao, the second moment of 
inertia, Io, and the position of the neutral axis, , are defined by: 
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Figure 7.9 Schematic diagrams of the load parameters in a bi-material layer 
system.  
 
Fig. 7.10.a indicates schematic diagram of the load situation in a four point 
bending specimen, and Fig. 7.10.b gives an equivalent edge loading when the 
crack is still lying the central region of the specimen. In case of four point bending 
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tests, only the longitudinal force, F, is loaded and the horizontal force, Q, is zero, 
therefore P1=P2=P3=0 in Fig. 7.9. When the distance of the fulcrums of the long 
and the short spans is l as shown in Fig. 7.10.a, the moment of the 
coating/substrate composite material is Fl as shown in Fig. 7.10.b. When the 
applied load is Po, which is the critical load in Fig. 7.6, and the short and the long 
spans are L’ and L respectively, the longitudinal force, F and the distance of the 
fulcrums of the long and the short spans, l, can be expressed by: 
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Figure 7.10 (a) Schematic diagram of the load situation in a four point bending 
specimen. (b) An equivalent edge loading when the crack is in the central region 
of the specimen.  
Therefore, using Eq. 7-13, the moment of the coating/substrate composite 
material, Fl, can be given by:  
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When the width of the four point bending sample is b, the moment per unit width is 
given by: 
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which is the absolute value of the moment for the coating/substrate composite 
material, M3, in Fig. 7.9. Because the sample has a notch and a crack at the 
coating/substrate interface, the moment for the coating, M1, is zero. Note that the 
direction of the moment for the coating/substrate composite material, M3, in Fig. 
7.9.a and Fl in Fig. 7.10.b is opposite, therefore M3 should be negative. 
Consequently, the following conditions can be accepted [155]:  
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Substitution of Eq. 7-16 into Eq. 7-8 gives: 
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The magnitude of the complex stress intensity factor, K, can be calculated by 
[152]:  
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with the oscillatory index, , the stiffness ratio, , and Dundur‟s elastic mismatch 
parameter,  and : 
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The phase angle, , relating to mode I and mode II crack behaviour can be 
defined by [152]:  
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with an orthotropic parameter: , and a phase factor, : 
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     31.52                                                 (7-23)  
Therefore, the mode I and mode II stress intensity factors, KI and KII, respectively, 
can be expressed by: 
       c o sKKI ,    sinKK II                              (7-24) 
Using the values of L’, L, H, h, b, Ei, i (i=1, 2), Po, and Eqs. 7-1~7-20, the energy 
release rate, G, the stress intensity factor, K, and the phase angle, , can be 
calculated, respectively. 
It is reported that the stiffener must be taken into account to calculate the energy 
release rate, G [158]. In Ref [158], G is expressed as: 
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with the moment: Mo, Young‟s modulus, E, Poisson‟s ratio, , and the second 
moment of inertia, I: 
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where E and  is the Young‟s modulus and the Poisson‟ ratio, respectively, H, h 
and hd are the thickness of the substrate, the coating and the stiffener, 
respectively, L’, L and b stand for the long span, the short span and the width of 
the bending sample, respectively, the subscripts 2, c and d stand for the substrate, 
the composite material of the substrate/coating/stiffener and the stiffener, and Po 
is the critical load to make the crack in the coating/substrate interface. When the 
stiffener is not used in the four point bending test, meaning Ed=0 and o=0 in Eqs. 
7-25~7-28, Eq. 7-1 and Eq. 7-25 are completely the same as shown in Appendix 
B [152, 158]. However, the stiffeners were glued on the TC to cause a TC 
delamination in this study. Therefore the delaminated part, which is the TC and 
the stiffener, must be dealt with as one material. Assuming the rule of mixtures 
can be adopted, the complex Young‟s modulus, E1+d, and Poisson‟s ratio, 1+d, of 
the TC and the stiffener under the rule of mixtures can be defined as: 
   d
d
d
d
d E
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In order to calculate the stress intensity factor, K, and the phase angle, , 
including the influence of the stiffener, ‟ in Eq. 7-30, should be used as the 
stiffness ratio instead of  in Eq. 7-5: 
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The thickness of the delamination part, which is the top coat and the stiffener, h1+d, 
can be given by: 
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      dd hhh 1                                       (7-31)                                                                       
Therefore the relative height, ’, in this study should be taken as:  
     
H
hh
H
h dd  1'                                   (7-32)  
instead of  in Eq. 7-6, meaning all of ,  and h should be replaced by ‟, ’ and 
h1+d respectively, in Eqs. 7-4~7-23. Although G calculated using Eq. 7-1 with ‟, ’ 
and h1+d is not completely the same as G calculated using Eq. 7-25, the difference 
is within 1% in this study. Therefore, G, K and , were calculated with Eq. 7-1, 
7-18 and 7-21, respectively, with ‟, ’ and h1+d meaning that G, K and  
calculated in this study include the effect of the stiffeners. 
Eqs. 7-1~7-32 assume that the coating and the substrate are dense materials, the 
interface between the coating and the substrate is flat, and the crack propagates 
along the interface. However, APS TBCs do not fulfil these conditions precisely.  
Nevertheless, these equations were adopted to calculate G, K and  of APS 
TBCs since the crack in APS TBCs propagates parallel to the interface 
macroscopically and there is only one main crack. Because the main crack 
propagates near or at the TC/BC interface, the amount of the TC under the main 
crack is much smaller than that of the substrate. Also the effect of the volume of 
the TGO is negligible since the volume of the TGO is much smaller than that of 
the TC and the substrate. Besides, the rule of mixtures can be adopted although 
materials 1 and 2 in Fig. 7.11 are not a single material, implying this crack 
propagation allows us to use Eq. 7-1, Eq. 7-18 and Eq. 7-25 to compute G, K and 
 of APS TBCs respectively, regardless of the location of the crack propagation if 
the main crack propagates at or near the TC/BC interface and is parallel to the 
interface macroscopically. 
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Figure 7.11 Schematic diagram of the location of the crack propagation in the 
TBC and applied axial forces and moments per unit width. 
 
7.4.2 Variation of the energy release rate 
Using Eqs. 7-1~7-17, Eqs. 7-30~7-32 and the critical load to make the TC 
delamination, Po, the energy release rate, G, can be calculated. Fig. 7.12 
indicates G as a function of the thermal treatment time. Because the TCs were 
completely delaminated after 200 h thermal treatment just after these samples 
were taken from the furnace, G is assumed to be 0 in these TBCs. G is in the 
range from 50 to 170 N/m in all TBCs and increases up to 50 h and then 
decreases until 200 h. These values are much higher than the energy release 
rate of the interface in other material systems, which is around 1 N/m [148]. This 
may be because the energy dissipation process such as a plastic deformation at 
a crack tip occurs in the TBC system. However, the crack propagation process in 
this study should be similar with the TBC system used in a gas turbine. Therefore, 
it is useful to measure the energy release rate in the TBC system including the 
energy dissipation process. Fig. 7.13 displays the stress intensity factor of mode I, 
KI, and mode II, KII, as a function of the thermal treatment time, which are 
calculated from Eqs. 7-2~7-24, Eqs. 7-30~7-32 and Po. KI is higher than KII for the 
entire thermal treatment time. KI and KII are in the range from 2 to 5 MN/m
3/2, 
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which are similar values as the previous results of APS TBC calculated using Eq. 
7-18 [155]. KI and KII increase up to a 50 h and then decrease until a 200 h 
thermal treatment, which is a similar trend to G.  
 
Figure 7.12 The energy release rate as a function of the thermal treatment time.  
The black line indicates a visible line of the average value. 
 
Figure 7.13 The stress intensity factors of mode I and mode II as a function of the 
thermal treatment time. The black marks and the red marks indicate the stress 
intensity factor of mode I and mode II, respectively. The black line and the red line 
give visible lines of the averages of mode I and mode II, respectively. 
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Also the phase angle relating to mode I and mode II crack behaviour, , can be 
calculated from Eqs. 7-4~7-23, Eqs. 7-30~7-32 and Po. Fig. 7.14 shows the 
relationship between  and the thermal treatment time. The phase angle for all 
TBCs is approximately 40o~42o regardless of the thermal treatment time.  can 
be expressed with the geometric parameter, , the orthotropic parameter, , and 
phase factor, , from Eq. 7-21. The geometric parameters, A and I, which are 
used to express  and , and  depend on only the stiffness ratio, , and the 
relative height,  from Eq. 7-4, Eq. 7-22 and Eq. 7-23. Substitution of Eq. 7-17 
into Eq. 7-22 gives: 
3
2
C
C
A
I
M
Ph
A
I
                           (7-33) 
C2 and C3 depend on only  and  because the second moment of inertia, Io, and 
the position of the neutral axis, which is used to express C2 and C3, also 
depend on only  and  from Eqs. 7-9~7-12. Therefore, all characters composing 
 depend on only  and . Thus,  depends on only  and . In this study, ‟ in 
Eq. 7-30 and ’ in Eq. 7-32 should be used as the stiffness ratio and the relative 
height, respectively, as discussed above, therefore  depends on only ‟ and ’. 
Consequently, if the thickness of the substrate, H, and that of the stiffener, hd, and 
Young‟s modulus of the TC, E1, is completely the same,  should not vary 
regardless of the thermal treatment time, G and K. The thickness of the TC, h, is 
much thinner than that of the stiffener, hd, and E1 is around half of the Young‟s 
modulus of the substrate, E2. Therefore, the total height, h+hd, and the complex 
Young‟s modulus, E1+d, of the material 1 in Fig. 7.11, including the relative height, 
’, and the stiffness ratio, ‟, depend only on the thickness of the substrate, H, 
and the stiffener, hd, meaning E1 and h hardly affect ’ and ‟ from Eq. 7-30 and 
Eq. 7-32, respectively. Therefore, ’ and ‟ depends on only H and hd. Because H 
and hd are not exactly the same among the four point bending samples in this 
study, the variation of  is only due to the difference of H and hd. 
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The stress intensity factor, K, should show a similar trend to KI and KII from Eq. 
7-24, since  is not varied regardless of the thermal treatment time. It is 
noteworthy that G and K of the TBC thermally treated for 150 h is still comparable 
with those of the as-sprayed TBC, meaning the interfacial toughness of the TBC 
thermally treated for 150 h is still strong enough to use in a gas turbine in spite of 
the fact that the TBC thermally treated for 200 h has no interfacial toughness in 
the TBCs. This implies that G and K may drop rapidly just before the end of the 
coating life. 
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Figure 7.14 The relationship between the phase angle relating to mode I and mode 
II crack behaviour and the thermal treatment time.  
 
In order to recognise the variation of the TBC toughness upon thermal treatment, 
crack propagations in the TC in the indentation tests were observed. Fig. 7.15 
gives typical images of the indentations in the TC after the indentation tests. The 
as-sprayed TC was a considerably porous material whereas the TC after the 
thermal treatment was clearly sintered. The indentations in the as-sprayed TC 
and the sample thermally treated for 50 h showed no cracks from the apices of 
the indentations while cracks were seen to propagate from the apices of the 
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indentation in the TC thermally treated for 150 h as indicated by arrows in Fig. 
7.15.c. Recall that, the m phase is generated during the thermal treatment as 
shown in Fig. 7.7. It is known that the m phase formation reduces the fracture 
toughness of APS TC [26]. These images imply that the effect of the sintering is 
more important than the m phase formation in the sample thermally treated for 50 
h, and therefore G and K increase up to 50 h. Then since the m phase formation 
affects the mechanical properties in a TC, these characteristics are reduced until 
the end of the coating life. 
Consequently, the strain energy release rate, G, and the stress intensity factor, K, 
increase up to 50h because of the effect of the sintering, and then G and K 
decrease as a result of the m phase formation and finally TC delamination occurs. 
  
    
Figure 7.15 SEM images of the impression of Vickers indentations on the cross 
sections of (a) the as-sprayed TC, (b) TCs thermally treated for 50 h and (c) 150 
h. 
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7.5 Conclusions  
APS TBCs with TCs comprising ZrO2-5 wt% CaO were thermally treated at 
1050C for up to 200 h. In order to calculate the energy release rate, the stress 
intensity factors of mode I and mode II and the phase angle relating to mode I and 
mode II crack behaviour, four point bending tests have been made. 
The cracks normally propagate in the TC near the TC/BC interface. These cracks 
can not be seen until just before crack propagation and their lengths after 
propagation are more than a few mm. The equations to calculate interfacial 
toughness in this study assume that the each of the two materials separated by 
the main crack is a single material. Nevertheless, these equations are valid even 
though this assumption is not fulfilled when the rule of mixtures can be adopted. 
The energy release rate and the stress intensity factors of mode I and mode II 
increase up to a 50 h thermal treatment since the effect of sintering is more 
important than the effect of the formation of the m phase. Then these 
characteristics decrease until the end of the coating life because the formation of 
the m phase gives a reduction of the strain energy release rate and the stress 
intensity factor. The strain energy release rate and the stress intensity factor of a 
TBC thermally treated for 150 h is still comparable with those of an as-sprayed 
TBC, meaning the interfacial fracture toughness of the TBC thermally treated for 
150h, which is near the end of the TBC life, is still strong enough. Thereafter the 
energy release rate and the stress intensity factors drop abruptly until the end of 
the TBC life. On the other hand, the phase angle relating to mode I and mode II 
crack behaviour is independent of the thermal treatment time and the interfacial 
fracture toughness. This depends on only the thickness of the substrates and the 
stiffeners of four point bending samples. 
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Chapter 8  Conclusions and future work 
8.1 Concluding remarks 
In this dissertation, the degradation phenomena of the materials composing TBC 
systems were investigated destructively and non-destructively. The relationship 
between the mechanical properties and the electrical properties of YSZ, which is 
the material of the insulation top coat in a TBC system, has been obtained with 
and without the effect of the phase transformation. Then the effect of the residual 
stress on the electrical properties in the TGO layer was investigated using an 
alumina scale on a Fecralloy substrate. Finally the degradation phenomena of the 
interfacial fracture toughness in the TBC system were quantitatively investigated. 
For the cold pressed and sintered YSZ powder, the ratio of hardness to its 
Young‟s modulus (H/E) increases with its density, meaning a porous material 
displays a high plastic deformation capability. The logarithmic scale of the 
conductivity of grains linearly increases with an increase of the H/E ratio until the 
densification of the YSZ samples was saturated. After the densification of the YSZ 
samples was saturated and grain growth occurred, microstructural features such 
as the shapes of pores and the Y2O3 segregation to gb are important parameters 
controlling the electrical properties. These microstructural features are more 
sensitive controls on the electrical properties than the mechanical properties. 
In the case of free standing APS YSZ TCs, the density, the Young‟s modulus, the 
hardness and the electrical conductivity increase until the m phase is formed, 
when the samples are thermally treated. The phase transformation from the t 
phase to the m phase reduces the density of the APS YSZ TCs and the H/E ratio, 
meaning an increase in the plastic deformation capability. The m phase formation 
also reduces the electrical conductivity of TCs. Although the conductivity of the m 
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phase is close to that of gb of YSZ, the formation of the m phase can be detected 
based on measurements of Bode plots (imaginary impedance (Z”) versus 
frequency (f)) or the blocking coefficient. The effect of the m phase on the electric 
conductivity is linear to the H/E ratio 
The TGO layer formed on the Fecralloy consists of two layers, equi-axed grains 
and columnar grains, where the thickness ratio of these two types of grains is not 
changed regardless of the TGO thickness in this study. Although one semi-circle 
can be drawn in the Nyquist plots for all types of TGO layers, two peaks and two 
semi-circles in the Bode plots and the modulus plot can be obtained respectively. 
These two peaks and semi-circles at low and high frequency may correspond to g 
and gb, respectively. For oxidation at 1100C, the TGO compressive stress along 
the in-plane direction increases and the conductivity of the TGO layer along the 
thickness direction decreases with an increase of the substrate thickness. The 
dielectric constant of g in the TGO layer decreases from 20 to 12.5 with an 
increase of the TGO compressive stress, whereas that of gb is almost constant 
regardless of the TGO stress, which is around 7. For the oxidation with 
temperature changing from 1000C to 1200C the diameter of the modulus 
spectra corresponding to g increases with an increase of the TGO layer 
proportionally. Using substrate thickness of 0.9 mm, the dielectric constant 
calculated from the slope of the relationship between the diameter of the modulus 
spectra and the TGO thickness is around 12.5, which is slightly higher than the 
literature value of the dielectric constant of a pure alumina. 
When the interfacial fracture toughness in the TBCs with TCs comprising ZrO2-5 
wt% CaO deposited by APS was examined with four point bending tests, the 
cracks normally propagate in the TC near the TC/BC interface regardless of the 
thermal treatment conditions. These cracks can not be seen until just before the 
propagation and their lengths after the propagation are more than a few mm. The 
equations to calculate interfacial toughness in this study assume that the each of 
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the two materials separated by the main crack is a single material. Nevertheless, 
these equations are valid even though this assumption is not fulfilled, when the 
rule of mixtures for the composite material each side of the crack is adopted. The 
interfacial fracture toughness increases at the beginning of the thermal treatment 
due to the sintering effect, and then decreases until the end of the coating life 
because of m phase formation. The interfacial fracture toughness of the TBC near 
the end of the TBC life is comparable to the as-sprayed TBC, meaning it is still 
strong enough, and then drops abruptly until the end of the TBC life. 
8.2 Future work  
The ultimate goal of this study is to predict the residual TBC life precisely 
quantitatively and non-destructively. In addition, this must be done at low cost, 
quickly, easily and safely. Although various investigations have been made on the 
characterisation of materials composing TBC systems, there is still more future 
work required to predict TBC residual life. 
(i) To investigate the degradation mechanism of a TBC system just before the end 
of TBC life. 
Since the interfacial fracture toughness of a TBC system drops just before the 
end of TBC life, it may difficult to detect a symptom of TC delamination until the 
interfacial fracture toughness becomes lower than that of an as-sprayed TBC.  
Therefore, it is important to recognise when, how and why the interfacial fracture 
toughness of a TBC system suddenly drops, and what is the meaning of the 
critical point at which the interfacial fracture toughness suddenly drops. 
(ii) To investigate the degradation mechanism of a TBC system and the 
relationship between the interfacial fracture toughness and the thermal treatment 
used in real gas turbines with a sample having a complex shape. 
The thermal treatment of turbine blades used in a gas turbine normally involves 
CHAPTER 8 CONCLUSIONS AND FUTURE WORK 
 Page 149 
frequent thermal cycles with a rapid heating and cooling and the shape of gas 
turbines is complex. Besides, the TC normally has a temperature gradient. Since 
the shape of the substrate affects the crack propagation [164], investigations of 
the TBC interfacial fracture toughness degradation taking into account the 
condition in a real gas turbine are required. 
(iii) To investigate how to combine multiple non-destructive evaluations (NDEs) to 
predict the TBC residual life more precisely. 
Since no single technique has been established to predict the TBC residual life 
quantitatively, a combination of NDEs will be required. However, although the best 
combination of NDEs can be chosen, it is unlikely that the relationship between 
the results of the NDEs and the TBC residual life is linear. Therefore, it is 
necessary to establish an equation giving the relationship between the results of 
the NDEs and the TBC residual life to predict the TBC residual life more precisely.
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Appendix A 
Eq. 2-8 can be transformed to Eq. A-1: 
     RZZZ ')"()'( 22                            (A-1) 
Substitution of Eq. 2-6 and Eq. 2-7 into the right side of Eq. A-1 gives: 
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On the other hand, substitution of Eq. 2-6 into the left side of Eq. A-1 gives: 
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Therefore, Eq. 2-8 can be deduced from Eq. 2-6 and Eq. 2-7, since Eq. A-1 is 
correct.  
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Appendix B 
The energy release rate, G, expressed using Eq. 7-1 can be transformed as 
followS: Substitution of Eq. 7-2, Eq. 7-3 and 11 43    into 
16
1c  gives: 
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Substitution of Eq. 7-17 and Eq. B-1 into Eq. 7-1 gives: 
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where l=L’-L. Substitution of Eq. 7-12 into Eq. 7-9 gives: 
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Substitution of Eq. 7-4 and Eq. B-3 into Eq. B-2 gives: 
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Substitution of Eq. 7-12 into Eq. 7-11 gives: 
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Y=1+5+62+43+42+63+524+35               (B-9) 
Using Eq. B-8, 
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Substitution of Eq. B-5 and Eq. B-10 into Eq. B-4 gives: 
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Substitution of Eq. B-12 into Eq. B-11 gives: 
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Eq. B-13 is G transformed from Eq. 7-1. 
On the other hand, hd=0 and Ed=0 in Eq. 7-27 and Eq. 7-28 without the stiffener, 
therefore, Ic can be given by: 
)
)1(4
)1(
3
1
3
1
(
)(4
)(
3
1
3
22
33
222
3
3








 H
hH
hH
h
H
I c  
)4641(
)1(12)1(12
)1(3)1(4)1(4 4232
3223
3 








H
H    
(B-14) 
Substitution of Eq. 7-26 and Eq. B-14 into Eq. 7-25 gives: 
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Eq. B-15 is G transformed from Eq. 7-25. 
Comparing Eq. B-13 and Eq. B-15, if Eq. B-16 is fulfilled, Eq. 7-1 and Eq. 7-25 are 
the completely same. 
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If Eq. B-17 could be fulfilled, Eq. B-16 would be correct. 
(1+4+62+43+4)(1+)2X=(3+6+42+3)Y2=Z          (B-17)                                                              
The both sides in Eq. B-17 are the same and can be expressed as the following: 
Z=3+6+4h2+30+962+1373+964+992+4143+8324+9605+ 
6886+2887+648+1203+5644+13095+17646+14787+ 
7208+1769+484+2405+5606+10327+10318+5949+ 
17210+407+1328+2209+18010+7311+1110+1811+1412+ 
13                                                     (B-18) 
Therefore Eq. 7-1 and Eq. 7-25 are completely the same. 
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